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ABSTRACT
Organic transistors are a core component for basically all relevant types of fully organic circuits
and consumer electronics. The Organic Permeable Base Transistor (OPBT) is a transistor with
a sandwich geometry like in Organic Light Emitting Diodes (OLEDs) and has a vertical current
transport. Therefore, it combines simple fabrication with high performance due its short transit
paths and has a fairly good chance of being used in new organic electronics applications that
have to fall back to silicon transistors up to now. A detailed understanding of the operation
mechanism that allows a targeted engineering without trial-and-error is required and there is
a need for universal optimization techniques which require as little effort as possible. Several
mechanisms that explain certain aspects of the operation are proposed in literature, but a com-
prehensive study that covers all transistor regimes in detail is not found. High performances
have been reported for organic transistors which are, however, usually limited to certain materi-
als. E. g., n-type C60 OPBTs are presented with excellent performance, but an adequate p-type
OPBT is missing. In this thesis, the OPBT is investigated under two aspects:
Firstly, drift-diffusion simulations of the OPBT are evaluated. By comparing the results from
different geometry parameters, conclusions about the detailed operation mechanism can be
drawn. It is discussed where charge carriers flow in the device and which parameters affect the
performance. In particular, the charge carrier transmission through the permeable base layer
relies on small openings. Contrary to an intuitive view, however, the size of these openings
does not limit the device performance.
Secondly, p-type OPBTs using pentacene as the organic semiconductor are fabricated and
characterized with the aim to catch up with the performance of the n-type OPBTs. It is shown
how an additional seed-layer can improve the performance by changing the morphology, how
leakage currents can be defeated, and how parameters like the layer thickness should be cho-
sen. With the combination of all presented optimization strategies, pentacene OPBTs are built
that show a current density above 1000 mA/ cm2 and a current gain of 100.
This makes the OPBT useful for a variety of applications, and also complementary logic
circuits are possible now. The discussed optimization strategies can be extended and used
as a starting point for further enhancements. Together with the deep understanding obtained
from the simulations, purposeful modifications can be studied that have a great potential.

ZUSAMMENFASSUNG
Organische Transistoren stellen eine Kernkomponente für praktisch jede Art von organischen
Schaltungen und Elektronikgeräten dar. Der “Organic Permeable Base Transistor” (OPBT, dt.:
Organischer Transistor mit durchlässiger Basis) ist ein Transistor mit einem Schichtaufbau wie
in organischen Leuchtdioden (OLEDs) und weist einen vertikalen Stromfluss auf. Somit wird
eine einfache Herstellung mit gutem Verhalten und Leistungsfähigkeit kombiniert, welche aus
den kurzen Weglängen der Ladungsträger resultiert. Damit ist der OPBT bestens für neuarti-
ge organische Elektronik geeignet, wofür andernfalls auf Siliziumtransistoren zurückgegriffen
werden müsste. Notwendig sind ein tiefgehendes Verständnis der Funktionsweise, welches
ein zielgerichtetes Entwickeln der Technologie ohne zahlreiche Fehlversuche ermöglicht, sowie
universell einsetzbare und leicht anwendbare Optimierungsstrategien. In der Literatur werden
einige Mechanismen vorgeschlagen, die Teile der Funktionsweise betrachten, aber eine umfas-
sende Untersuchung, die alle Arbeitsbereiche des Transistors abdeckt, findet sich derzeit noch
nicht. Ebenso gibt es einige Veröffentlichungen, die Transistoren mit hervorragender Leistungs-
fähigkeit zeigen, aber meist nur mit Materialien für einen Ladungsträgertyp erzielt werden. So
gibt es z. B. n-typ OPBTs auf Basis von C60, für die bisher vergleichbare p-typ OPBTs fehlen. In
dieser Arbeit werden daher die folgenden beiden Aspekte des OPBT untersucht:
Einerseits werden Drift-Diffusions-Simulationen von OPBTs untersucht und ausgewertet.
Kennlinien und Ergebnisse von Transistoren aus verschiedenen Parametervariationen können
verglichen werden und erlauben damit Rückschlüsse auf verschiedenste Aspekte der Funkti-
onsweise. Der Fluss der Ladungsträger sowie für die Leistungsfähigkeit wichtige Parameter
werden besprochen. Insbesondere sind für die Transmission von Ladungsträgern durch die Ba-
sisschicht kleine Öffnungen in dieser nötig. Die Größe dieser Öffnungen stellt jedoch entgegen
einer intuitiven Vorstellung keine Begrenzung für die erreichbaren Ströme dar.
Andererseits werden p-typ OPBTs auf Basis des organischen Halbleiters Pentacen herge-
stellt und charakterisiert. Das Ziel ist hierbei die Leistungsfähigkeit an die n-typ OPBTs anzu-
gleichen. In dieser Arbeit wird gezeigt, wie durch eine zusätzliche Schicht die Morphologie
und die Transmission verbessert werden kann, wie Leckströme reduziert werden können und
welche Parameter bei der Optimierung besondere Beachtung finden sollten. Mit all den Op-
timierungen zusammen können Pentacen OPBTs hergestellt werden, die Stromdichten über
1000 mA/ cm2 und eine Stromverstärkung über 100 aufweisen.
Damit kann der OPBT für eine Vielzahl von Anwendungen eingesetzt werden, unter ande-
rem auch in Logik-Schaltungen zusammen mit n-typ OPBTs. Die besprochenen Optimierungen
können weiterentwickelt werden und somit als Startpunkt für anschließende Verbesserungen
dienen. In Verbindung mit erlangten Verständnis aus den Simulationsergebnissen können so-
mit aussichtsreiche Veränderungen an der Struktur des OPBTs zielgerichtet eingeführt werden.
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1 INTRODUCTION AND MOTIVATION
“Curiosity – the rover and the concept – is what science is all about: the quest to reveal the
unknown.” Ahmed Zewail, 2012.
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In the mid-20th century, investigations of conductive organic materials like charge transfer
complexes and polymers indicated the begin of the organic electronics [1–3]. For their work
on conductive polymers which opened up a whole new field in physics and chemistry, Alan
MacDiarmid, Hideki Shirakawa, and Alan Heeger were awarded the Nobel Prize in Chemistry
in 2000 [4]. As a side note, it shall also be forestalled that Alan Heeger is one of the scientists
who presented the Polymer Grid Triode in 1994, which can be considered to be the first Organic
Permeable Base Transistor [5]. The field of organic electronics and devices has gained a broader
interest after an efficient electroluminescent diode has been presented by Tang et al. in 1987
[6]. From there on, a steady progress has been achieved in both, the variety of topics and
organic devices, and the improvement of the performance and understanding.
There are numerous advantages of organic semiconductors: The deposition of organic semi-
conductors onto a substrate is rather simple and does not need the expensive growth of a
silicon crystal and the production of wafers like in inorganic electronics. Also the processing
is possible at rather low temperatures that allow the fabrication on flexible plastic substrates,
therefore enabling bendable and stretchable electronics that can open up new areas of applica-
tions. The thickness of the organic semiconductor layers can be controlled in the nanometer
range or even below, thus the material usage can be kept low making the fabrication ecolog-
ically friendly and reducing the costs in a mass production. Large areas can be processed
simultaneously, e. g. for fabricating areal devices like lighting panels or large solar cells easily.
Using organic semiconductors, very energy efficient light emitting diodes have been shown
[7]. Organic semiconductors are basically carbon compounds and due to their enormous va-
riety, a wide range of physical and chemical properties like the position of energy levels, or
transparency can be tuned to match the desired application [5].
Organic electronics is not primarily intended to replace silicon electronics [8], instead new
areas of applications can be opened up. Especially the deposition onto various substrates, in
particular flexible foils, allow new use cases: Electronic water marks, the use in smart textiles,
or the integration into certain goods as a kind of electronic article surveillance or in order to
transmit product information with RFID1 transponders [8].
Already today, there are several gadgets based on electronic devices available on the market.
Most prominent are Organic Light Emitting Diodes (OLEDs) which can be used in ultra-thin and
light designer lights [9], or in displays of cameras, smart watches, and of course smartphones
[10]. OLED-TVs are also commonly known today, being very thin, energy efficient, and exhibit-
ing a superior image quality [11] because an OLED can be switched off completely and has a
tunable spectra. The control of the OLED pixels in such displays, however, is still performed
with inorganic transistors. Firstly, this requires two different fabrication techniques to be com-
bined, making the production more complex. Secondly, the further advantages of organic
electronic devices like simplicity or flexibility are lost. Although devices like curved OLED-TVs
have been presented by several companies, those are still not bendable at all or at least only
very limited [12] as flexible, organic transistor arrays are not used for that purpose until now.
Solar cells and light emitting diodes are the devices which get most attention in the pub-
lic, probably because (organic) LEDs emit light which is directly visible with the human eye,
or as the effect of a solar panel that is installed on the roof can be seen on the monthly
electricity bill. However, there are many more transistors in the world than LEDs and solar
cells together, doing their work behind the scenes. Already in an active matrix OLED display
1Radio-frequency identification
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(AMOLED), every pixel requires two transistors, one for driving the OLED, the other for switch-
ing (charging/discharging) a capacitor that allows to save the last signal while the other lines of
the display are addressed. Even more, today’s processors or graphic chips can contain billions
of transistors each, and those are part of every computer, notebook, tablet, or smartphone.
Furthermore, transistors are the core component of many more electronic components and
gadgets.
Besides Organic Light Emitting Diodes, also products using organic semiconductors like
touch sensors, memories, or low-voltage RFID transponders that extract the energy required
for operation from the surrounding electromagnetic field are produced [13]. In that case, the
fabrication uses printing of polymers onto a flexible substrate. However, also small molecule
semiconductors can be deposited using thermal vapor deposition on large areas in a roll-to-roll
process [14]. In 2011, the first organic microprocessor has been presented [15]. It has used
about 4000 organic transistors on an area of 4 cm2 on a flexible substrate. It was capable of
8-bit operations and had a power consumption of 100 µW. With a clock frequency of only 6 Hz,
however, this was rather a proof-of-concept. Three years later, with a hybrid processor using
n-type metal oxide semiconductor based transistors and p-type small molecule semiconductor
transistors, a clock frequency of 2.1 kHz could be achieved [16].
In order to improve the performance, transistors are necessary that can operate reliably at
high frequencies, have a good on-off-ratio and can drive sufficient currents, as the switching
currents become larger at higher frequencies. These properties are also beneficial for applica-
tions like active matrix display drivers. The current is required in principle to drive the OLED
and charge the capacitor. The on-off-ratio affects the contrast of the display, and the frequency
needs to be sufficiently high to allow the addressing of all display lines within the refresh rate
of the display.
The Organic Permeable Base Transistor (OPBT) is a promising candidate that can fulfill these
requirements. This device has a layer stack with three parallel electrodes which are separated
by an organic semiconductor layer each. The electrode in the middle is of particular interest.
This one acts as the base and controls the current that can flow between the other two outer
electrodes (emitter and collector). The base has to be very thin (but still conductive) so that
charge carriers are able to be transmitted through the base, similar to the bipolar junction tran-
sistor, although the concept is a different one. In case of the OPBT, there are small openings in
the base layer where charge carriers can flow from one semiconductor layer to the other one
on the opposite side of the base. In order to keep the base currents as small as possible, the
base is surrounded by an insulator which is obtained from the oxidation of the aluminum of the
base. The lower the number of charge carriers that flow into the base, the more charge carriers
can reach the collector and therefore a good current amplification can be achieved, which is
one of the main tasks of a transistor. A big advantage of this structure is its simplicity. The
device basically has a sandwich geometry consisting only of layers that are stacked over each
other, similar to an OLED stack. No high resolution structuring is required, not even for the
base layer as the formation of the openings is a property that arises from the growth of the
thin base layer that is deposited onto a semiconductor layer.
The control of the collector current in the OPBT relies on the potential modulation in the
openings with the base potential which affects the number of charge carriers that can pass the
base. Whether the OPBT, which is a unipolar transistor, is in the on-state or the off-state for a
high or low base potential depends on the type of charge carriers in the OPBT.
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In contrast to the Organic Field Effect Transistor (OFET) which is also a subject of great
interest within the scientific community, the Organic Permeable Base Transistor does not need
a lateral structuring in the range of a few micrometers to reach a very good performance. An
OFET without high resolution structuring and therefore a long channel usually suffers from the
low mobility of organic semiconductors, which leads to long transit times and therefore low
frequencies. Also OFETs with short channels can run into limitations, e. g. when the injection
from the source contact into the semiconductor is not an ideal OHMic contact. Selective doping
at the contacts only to reduce the injection resistances would again require high resolution
structuring and alignment.
All those issues are automatically solved by a vertical transistor structure like the OPBT. The
distance between emitter and collector is basically given by the thickness of the semiconduc-
tor layers which can be controlled accurately in the nanometer range. Additionally, a doped
layer can easily be inserted directly above or below an electrode, thus enhancing the injection
without affecting the off-state in a negative way [17]. By utilizing all of the possibilities that are
provided by the vertical Organic Permeable Base Transistor, high frequencies above 10 MHz
and large current densities of 1 kA/ cm2 can be achieved even with materials with a mobility
of 0.1 cm2/ (Vs) or even less under low voltage operation [18]. This opens up possibilities to
use OPBTs in applications like RFID chips, driver circuits for OLEDs and displays, or the am-
plification of analog audio signals. Furthermore, the vertical architecture allows to easily stack
several elements like an OPBT and an OLED, creating three-dimensional integrated circuits.
In this thesis, chapter 2 covers the basics. Starting with the introduction of organic semicon-
ductors, their structure is presented, i. e. carbon compounds with bonds that form a conjugated
system, the charge transport mechanism and the charge carrier injection as well as the possibil-
ity of doping is discussed. Furthermore, the structure of the OPBT as well as a few conventions
that shall be used throughout this work are introduced, followed by a short description of the
basic operation principle of the transistor and the charge carrier transmission mechanism.
An overview of different publications on transistors which are of interest for this work or
offer outstanding or innovative solutions for certain issues, is given in chapter 3. In particular,
structures which can be considered to be an OPBT – although sometimes also called differ-
ently for historical reasons – are discussed. A comparison to inorganic transistors allows to
review the common features with the OPBT and differences. Finally, a selection of publica-
tions covering other emerging transistor architectures besides the OPBT, mainly using organic
semiconductors, is presented.
The experimental chapter (chapter 4) presents the materials that play an important role for
the OPBTs that are fabricated within the scope of this work and the relevant material properties
are summarized. The fabrication of the samples, including an introduction of the thermal vapor
deposition and the processing procedure is discussed. Here, also the lateral structure of a
sample containing four transistors on a substrate is introduced. The equipment that has been
used for the measurements is stated, as well.
Chapter 5 contains the results obtained from the simulations of the OPBT. The OPBT model
and the simulation are shortly introduced, but the creation of the simulation framework is
not part of this work. Instead, the focus was on the planning and systematic variation of
the parameters (like dimensions) and the interpretation of the obtained simulation data. This
investigation is mainly driven by the aim for a deeper understanding of the OPBT operation
mechanism, firstly due to curiosity and the urge to “reveal the unknown” (as expressed by
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Nobel Prize winner Ahmed Zewail) and secondly, in order to find the key parameters for the
improvement of the OPBT. The results clarify the operation mechanism in detail, so that no
speculations about certain aspects i.e. concerning the transmission process, are necessary
any more. Furthermore, the findings will explain why OPBTs show such high current densities
give clear guidelines how to optimize the performance even more. Also, misconceptions that
arise from an intuitive point of view are eliminated, e. g. it is shown that openings are not the
performance limiting factor.
Some of the insights from the simulations are then used in chapter 6 to estimate the electron
mobility of C60 in vertical direction in the Space Charge Limited Current (SCLC) regime. In order
to reduce measurement errors, the confinement of the active area, the electrode resistance,
and self heating due to power dissipation are taken into account.
In chapter 7, optimizations of pentacene based OPBTs are discussed that finally lead to
a differential current gain close to 100 and current densities above 1000 mA/ cm2 for p-type
OPBTs. The starting point is a transistor that has a poor performance and hardly seems usable,
which is then improved step by step by focusing on the weak spots and developing solutions
for each of these issues. Those strategies are then systematically combined to achieve a
performance boost approaching C60 OPBTs. Finally, an outlook is provided that shows the
further potential of the technology and a few demonstration circuits are presented which show
that the OPBT can be used in a circuit similar to conventional inorganic transistors.
16 1 Introduction and Motivation
2 THEORY
This chapter focuses on the basics of organic semiconductors, starting with organic molecules
and solids. In particular, the charge carrier transport mechanism as well as the injection of
charge carriers from the metal into the organic semiconductor is discussed. In addition, the
Organic Permeable Base Transistor (OPBT) is introduced, showing the structure of the device
and providing a basic understanding of the operation mechanism as a foundation for further
chapters in this work.
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2.1 ORGANIC SEMICONDUCTORS
2.1.1 ORGANIC MOLECULES AND SOLIDS
Bonds in molecules Chemical compounds containing carbon are the foundation for organic
molecules. Hence, the bonds between carbon atoms will be discussed first. A single carbon
atom has the electron configuration [He] 2s2 2p2. In those orbitals with the principal quantum
number 2, which is the unfilled outer shell in this case and thus the relevant one for the chemi-
cal reactivity and bonds, are two electrons in the 2s orbital and two electrons in the 2p orbitals.
When the carbon atom forms a bond with another atom, so called hybrid orbitals can emerge
which represent an energetically favorable state. These hybrid orbitals are linear superposi-
tions of the 2s and the 2p orbitals, and therefore also solutions of the SCHRÖDINGER-equation
describing the same atom.
Depending on the number of 2p orbitals of the carbon atom which take part in the hybridiza-
tion, following types can be distinguished [19]: The sp3 hybridization emerges from the linear
superposition of the s and all three p orbitals, forming four tetrahedrally oriented sp3 hybrid
orbitals. The bonds with other atoms are along the orientation of these orbitals which have
an asymmetric “dumbbell”-like shape. Therefore, the atoms in molecules where bonds form
between sp3 hybrid orbitals of the carbon atoms are arranged in a tetrahedron. Examples for
this type of hybridization are diamond or methane. A superposition of the s orbital with two of
the p orbitals leads to a sp2 hybridization. The resulting sp2 orbitals are oriented in a plane with
an angle of 120◦ between each other. The remaining p orbital that does not participate in the
hybridization is oriented perpendicular to that plane. Usually a coordinate system is considered
where all the sp2 orbitals are in the x-y plane. Then, the p orbital will be oriented along the z
axis and is commonly referred to as pz orbital. Due to the orientation of the sp2 orbitals, car-
bon atoms can arrange in regular hexagons, which just have interior angles of 120◦. Graphite or
graphene are examples for this type of hybridization. Finally, there is also the sp1 hybridization
that occurs in ethyne, for example. There, the s and one p orbital create two sp1 orbitals in a
straight line. The other two p orbitals are perpendicular to this line and to each other.
For organic semiconductors, the bonds between sp2 hybrid orbitals are most important and
will be discussed now. The most simple example, which uses only two carbon atoms and
hydrogen, is ethene. The orbitals and bonds are shown schematically in figure 2.1a. A covalent
σ-bond is formed between one sp2 orbital of each carbon atom. This is a strong bond with
rotational symmetry. The pz orbitals of both carbon atoms form a π-bond. It does not have a
rotational symmetry and therefore forces the carbon atoms into a stable arrangement. Due to
the lower spatial overlap of the pz orbitals, the π-bond is much weaker than the σ-bond. Now,
both carbon atoms are bound by a σ- and a π-bond, which is usually called a double bond.
The remaining two sp2 orbitals of both carbon atoms in ethene form bonds with one hydrogen
atom each. Bonds to other atoms or to further carbon atoms, which on their part can have
bonds to even more atoms, are possible as well, of course. That way, a wide range of organic
molecules emerges.
The reason for the bond between carbon atoms or covalent bonds in general is the energetic
splitting of the orbital energy levels. When the orbitals of two single atoms interact with each
other, they are split, forming a bonding molecular orbital with a lower energetic state compared
to the single atom and an anti-bonding molecular orbital having a higher energy level. In a more
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Figure 2.1: Schematic visualization of the pz and sp2 orbitals (blue) of the single sp2-hybridized
carbon atoms and the delocalized π electron system (yellow) of (a) ethene and (b)
benzene. The sp2 orbitals form σ-bonds, the pz orbitals form π-bonds. The carbon
atoms themselves are represented by small red spheres. Figures taken from [20]
and re-labeled.
figurative picture the bonding character is created, because the bonding orbital has the highest
probability of finding the electron between the two atomic nuclei. This creates an attractive
electrostatic force between the electron gas and the positively charged nuclei. The exact value
of the energetic splitting and therefore the strength of the bond depends on the overlap of
the atom orbitals. The sp2 hybrid orbitals can have a rather large overlap, resulting in a larger
energetic splitting of the bonding and anti-bonding orbital. This creates a significant energy
reduction when only the bonding states are occupied, resulting in a strong bond. In contrast,
the overlap of the pz orbitals is rather small and the splitting of the therefore weaker π-bond is
smaller.
In the ground state, the energetically lowest states are filled first. For each carbon atom, this
is – despite the fully occupied first shell (orbitals with a principal quantum number of one) – the
bonding states of the three σ-bonds (due to the large energy splitting), followed by the bonding
orbital of the π-bond. As every orbital can be occupied by two electrons (with opposite spin)
also the electrons of the corresponding bond partner atom can fit into the bonding orbitals,
which are then completely filled. The bonding π orbital is therefore the (energetically) highest
occupied molecular orbital and commonly abbreviated as HOMO. The next higher available
state is the anti-bonding molecular orbital of the π-bond (due to the lower splitting compared
to the σ-bond). This state is unoccupied in the ground state and therefore referred to as lowest
unoccupied molecular orbital (LUMO).
Molecules which have a conjugated system are of particular interest for organic semiconduc-
tors. I. e. in a series of sp2-hybridized carbon atoms (e. g. in polyacetylene) double bonds (σ- and
π-bonds) and single bonds (only σ-bonds) are alternating, as two neighboring sp2-hybridized car-
bon atoms can share only one π-bond with each other but then there are no free pz orbitals for a
double bond with a third carbon atom. However, the a carbon atom could also form the π-bond
with the other neighboring carbon atom. For the description of the bonding relations, there
are multiple possibilities, so called canonical structures. This effect is called mesomerism, but
the picture of several canonical structures is a simplified one. Actually, the electrons are in
a state which is a linear superposition of all canonical states with their respective probability.
Thus, the electrons from the pz orbitals are effectively delocalized over the conjugated system.
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This delocalization of the electrons in the HOMO and LUMO makes such materials useful for
semiconductors, as it can be considered as a kind of implicit conductivity across the molecule.
An appropriate example is benzene: Six sp2-hybridized carbon atoms are arranged in a regu-
lar hexagon, as shown in figure 2.1b. This is often called a benzene ring, especially when this
structure appears in larger molecules. Three of the six bonds along the edges of the hexagon
have double bonds, the other bonds in between are single bonds. However, the edges with
single and double bonds could be swapped as well. As just discussed, the electrons of the pz
orbital are delocalized across the full benzene ring (cf. figure 2.1b). Also in pentacene, a mate-
rial that is used in this work consisting of five benzene rings, the electrons of the π-system are
delocalized across the whole molecule.
Organic Solids In order for a substance to be in a solid phase, some kind of attractive force
needs to exist (beside repulsing forces) between its constituents (atoms or molecules) and cre-
ate an equilibrium position. In the inorganic semiconductor silicon, there are covalent bonds
between the silicon atoms. In the case of organic semiconductors, however, the constituents
are already molecules that cannot form any further covalent bonds. Nevertheless, organic
solids can exist. Molecules can stick together due to VAN-DER-WAALS-forces, which are based
on the attractive force between dipoles. The binding energy is in the order of 0.1 eV or smaller
[21], hence the bonds due to VAN-DER-WAALS-forces are really weak and can be broken ther-
mally, i. e. the sublimation temperature is expected to be lower than for materials with only
covalent bonds.
Such VAN-DER-WAALS-bonds can also exist between molecules that do not have a permanent
dipole moment. Small fluctuations in the electron density distribution in one molecule lead to
a temporary dipole moment p1, resulting in an electric field F that decreases with the third
power of r [22]:
F ∼ p1
r3
. (2.1)
In another molecule, in a distance of r , a dipole
p2 ∼ αp1r3 (2.2)
will be induced, where α is the polarizability of that molecule. The induced dipole is oriented
in a way, that an attractive force results and the potential energy of the induced dipole in the
field of the fluctuation-dipole
E = −p2 · F ∼ −αp21r6 (2.3)
decreases with the sixth power of the distance. This leads to the LENNARD-JONES-potential
V =
cr
r12
−
ca
r6
(2.4)
which describes the bonding due to VAN-DER-WAALS-forces [23]. The first term represents a
repulsive force1 and the proportionality factors are included in the constants cr for the repulsive
and ca for the attractive force.
1Powers different from 12 for the repulsive term are possible as long as the power is larger than the attractive
force. The choice of 12 has the advantage, that r6 only needs to be squared and simplifies some calculations.
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Because of the weak VAN-DER-WAALS-bonds, the molecules are not arranged perfectly reg-
ular in many organic solids, but instead it is an amorphous solid. As a consequence, every
molecule is surrounded by a different arrangement of molecules and therefore also the inter-
action between neighboring molecules is different. This leads to a shift in the energy levels of
the HOMO and LUMO compared to a single molecule (cf. figure 2.2). Because of the different
surroundings, also the various molecules have a slightly different energy level compared to
each other. In the whole amorphous solid, there is not only a single discrete energy level for
the HOMO or the LUMO, but instead a distribution of energy levels. Absorption spectroscopy
on amorphous solids gives GAUSSian spectra with a standard deviation in the order of 0.1 eV
[24]. This allows the conclusion that the density of states in the HOMO and LUMO also have
a GAUSSian shape [25].
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Figure 2.2: Comparison of the distribution of the energy levels HOMO and LUMO in (a) a single
molecule, (b) amorphous solid and (c) crystalline solid.
Besides the amorphous solids, there are also organic semiconductor materials that can be
grown to molecule crystals. In analogy to the atomic lattice in inorganic semiconductors, the
regular arrangement of the molecules leads to the formation of bands. To keep a unified
description of the organic semiconductors, the valence band will be called HOMO and the
conduction band LUMO. Due to the low interaction between two molecules, the bands are
rather narrow. The width in energy is in the range of the thermal energy kBT at ambient
conditions, i. e. 25 meV [26].
As in inorganic semiconductors, the band gap, i. e. the energetic distance between HOMO
and LUMO, is in the range of a few electron volt and therefore in the range of visible light.
Hence, organic semiconductors are also suited for optoelectronic applications, like Organic
Light Emitting Diodes (OLEDs) or Organic Solar Cells (OSCs).
2.1.2 CHARGE CARRIER TRANSPORT
When charge carrier generation and recombination are neglected, which is an appropriate sim-
plification for unipolar devices that are not intended to interact with light, the total current
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consists of a drift and a diffusion contribution. Accordingly, the total current j⃗tot is
j⃗tot = j⃗drift + j⃗diffusion . (2.5)
The reason for the drift current is the movement of charge carriers due to an electric field F⃗ ,
e. g. because of an externally applied voltage. The drift velocity v⃗drift is
v⃗drift = µˆ · F⃗ , (2.6)
which can be used to obtain the drift current density
j⃗drift = q · n · v⃗drift (2.7)
with the charge carrier concentration n and the charge q. Here, µˆ is the charge carrier mobility.
In general, this is a tensor as an anisotropy allows the mobility to be dependent on the direction.
E. g. pentacene, when growing in the usual herringbone structure like on gold [27], the mobility
along the long axis of the molecule (approximately vertical) is very small [28]. But also in
the horizontal plane, the mobility of a pentacene single crystal varies by a factor of three
depending on the direction [29]. In organic semiconductor devices, the current mainly flows
in one direction, in general from one electrode to another. While this is not completely true,
those parts of the device which limit the current or are responsible for the behavior, show a
mostly one-dimensional current. In a polycrystalline solid, a scalar effective mobility2 will result
and can be used to describe the current transport. The absolute values of the charge carrier
mobilities in organic semiconductors are much smaller compared to inorganic semiconductors.
The reason is the transport mechanism of charge carriers in organic semiconductors, which will
be addressed later in this section.
Diffusion currents result from the diffusion of charge carriers. A gradient in the spatial
charge carrier density leads to an effective movement of charge carriers from the region with
higher concentrations towards regions with a lower concentration, so that an equalization of
the charge carrier concentration is targeted. Because of the charge q of each charge carrier,
the particle diffusion current corresponds to an electrical current of
j⃗diffusion = −q · D · ∇⃗n (r⃗) . (2.8)
Here, n
(
r⃗
)
is the charge carrier concentration and D the diffusion coefficient which is related
to the mobility µ via the EINSTEIN relation
D =
kBT
q
µ , (2.9)
where kBT is the thermal energy. It should be noted, that the validity of the EINSTEIN relation in
disordered organic semiconductors is not undebated. Under certain circumstances, a violation
of this law can be observed [30].
The equations (2.6) to (2.9) can be applied to electrons as well as holes. However, the
mobility as well as the diffusion coefficient are different for electrons and holes. In devices,
2This effective mobility averages over differently oriented crystallites as well as all current paths that result in an
effective transport in the corresponding direction (including zig-zag paths).
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where both types of charge carriers contribute to the current flow, the total current is the sum
of the electron and the hole current.
In section 2.1.1, the delocalization of charge carriers across a single molecule of the organic
semiconductor has already been reviewed. In order to discuss how the transport of charges
between molecules works, two extreme cases will be considered here, first for the case of a
highly crystalline material, and afterwards for a completely amorphous material.
Band transport In organic semiconductors that have a crystalline structure, the charge trans-
port can be described analogously to inorganic semiconductors using the band structure, at
least at ambient temperatures. The electrons are delocalized across the regularly arranged
molecules that form a periodic potential and can be described by BLOCH waves [31]. Charge
transport can therefore happen due to electrons in the LUMO (conduction band) or due to
holes in the HOMO (valence band).
Because of the weak VAN-DER-WAALS-interaction between the molecules, the bands are
rather narrow compared to inorganic semiconductors [26]. This is related to a large effective
mass m* of the charge carriers [32], finally leading to a lower mobility as a higher mass needs
to be accelerated after collisions with defects or phonons in the picture of the DRUDE-model
following the equation
µ =
q · τ
m*
. (2.10)
Here, q is the charge and τ the mean time between collisions of the charge carriers. The
mobility of organic semiconductors will therefore usually not exceed 10 cm2/ (Vs) even when
a band transport is present. However, there are also exceptions, e. g. rubrene single crystals
have been shown with a hole mobility of even 40 cm2/ (Vs) [33]. In comparison to inorganic
semiconductors, e. g. silicon which has a hole mobility of about 500 cm2/ (Vs), this is still a
difference of one order of magnitude [34].
When increasing the temperature T , the scattering with phonons will increase and therefore
τ and the charge carrier mobility µ will decrease. This relation can be described by a power
law [35]:
µ
(
T
) ∼ T −n , (2.11)
where the exponent n is exactly 3/ 2 for scattering at acoustic phonons only and considering
an ideal band transport. This also means, that a lower temperature results in a higher mobility,
as long as scattering at impurities does not limit the mobility in that regime.
Hopping In amorphous organic semiconductors, a regular arrangement of molecules does
not exist. Thus, there is no delocalization of charge carriers across multiple molecules and there
are no bands. The transport of charge carriers happens as the charge carriers are “hopping”
from one molecule into a free state on a nearby molecule. As the energy levels of the states in
the HOMO and LUMO are distributed (cf. section 2.1.1), the molecules that take part in such a
hopping process usually do not have the same energy level. Figure 2.3 schematically shows a
possible way of a charge carrier from one molecule state to others. When the energy level of
the state on the destination molecule is lower, the charge carrier can relax into this lower state
(green arrows). For jumps into energetically higher states (red arrows) an additional energy
needs to be raised which can be done thermally, i. e. by absorbing a phonon. An electric field
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Figure 2.3: Visualization of the hopping transport in amorphous solids. The charge carriers are
“hopping” onto neighboring molecules. The required energy for jumps to higher
energy (red arrows) can be provided thermally. Jumps are only possible if the
destination state is unoccupied.
that is applied can support the hopping process in one direction as the thermal energy that is
required to jump upwards in that direction is lowered.
The quantitative description of one hopping process from an energy level Ei (molecule i) to
an energy level Ej (molecule j) can be done using the MILLER-ABRAHAMS-rates [36, 37]
Wi j ∼ exp (−2αRi j)
⎧⎨⎩exp
(
−(Ej − Ei )/ (kBT )
)
, if Ej > Ei ,
1 , otherwise.
(2.12)
The distance of both molecules is Ri j , and α the extension of the corresponding orbitals that
participate in the charge transport. The first factor (exp
(
−2αRi j
)
) considers the fact, that hop-
ping becomes unlikely for molecules which are far away from each other and therefore have no
or only slightly overlapping molecular orbitals. Therefore, this factor can be considered a kind
of tunneling probability. For jumps to higher energies only, the thermal excitation is considered
by including a BOLTZMANN-factor.
Simulations of the charge carrier transport based on these rates have shown that the mobility
µ can be expressed by the equation
µ(T ) = µ0 · exp
(
−
T 20
T 2
)
(2.13)
in dependence of the temperature T [25]. The constant T0 is proportional to the width of the
GAUSSian density of states and the factor µ0 corresponds to the extrapolation of the mobility for
T → ∞. Hence, the charge carrier mobility is increasing with higher temperature, in contrast
to the band transport behavior. This relation can also be understood intuitively from looking at
the hopping process. At low temperatures, the thermal energy kBT is very small and jumps
to higher energies become very unlikely. Hence, the mobility at low temperatures is small.
Analogue to this argumentation the mobility rises with higher temperatures.
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When an external voltage is applied, i. e. an electric field is present, this will lead to a lower-
ing of the potential energy in the direction of the charge carrier drift. This reduces the required
energy for jumps into energetically higher states and the number of jumps that do not require
additional energy at all is increased. As a consequence, the probability of jumps is increasing.
This effect becomes larger the higher the electric field is. Furthermore, the mobility also de-
pends on the charge carrier concentration. When there are only a few electrons in the LUMO
or holes in the HOMO, the charge transport happens in the energetically lowest states (tail
states). Following the GAUSSian distribution, the density of states in this region is rather small.
This means, the spatial as well as the energetic distance between neighboring molecules be-
comes larger, both effects resulting in lower hopping rates according to equation (2.12) and
therefore also a lower mobility. When the charge carrier density is rising, the transport hap-
pens at increasingly higher energies, as all states below are filled and cannot take part in the
charge transport, as jumps require a free state on the destination molecule. The transport en-
ergy is getting closer to the maximum of the density of states so that the spatial and energetic
distance gets lower, thus supporting the hopping transport and increasing the mobility.
Together, those effects lead to a dependence of the charge carrier mobility in the following
form [38]:
µ(T, n, F ) = µ(T ) · fn(n, T ) · fF(F, T ) . (2.14)
The temperature dependent mobility µ(T ) is given by equation (2.13), fn(n, T ) and fF(F, T ) con-
sider the influence of the charge carrier concentration n and the electric field F . The explicit
expressions for fn und fF are rather complex and can be found in various publications [38, 39].
Finally it should be noted that the classification of the charge transport of an organic semi-
conductor into band transport for crystalline structures and hopping transport for amorphous
materials is not unambiguous. Instead, e. g. in pentacene, effects can be observed that in-
dicate band transport properties on one hand, but also hopping transport on the other hand
[35].
Electrical conductivity Besides the discussion of the microscopic processes in the organic
semiconductor that are responsible for the charge transport, also a macroscopic picture can be
useful. Here, OHM’s law
j⃗ = σ · F⃗ (2.15)
is of interest, which describes the relation between the current density j⃗ and the electric field
F⃗ . The proportionality factor is the electrical conductivity σ which is a tensor in general but
can be considered an effective scalar value similar to the mobility (as discussed above). When
electrons as well as holes are contributing to the total current flow, one can combine equations
(2.6) and (2.7) to obtain the relation
σ = e
(
n · µn + p · µp
)
(2.16)
between the electrical conductivity σ and the mobility of the electrons µn and holes µp. The
concentration of electrons and holes is denoted as n and p, respectively, and e is the elemen-
tary charge.
In an intrinsic organic semiconductor, the electrical conductivity is quite small. The reasons
are the small mobility compared to inorganic semiconductors and the low number of charge
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carriers at room temperature. The mobility itself is limited by the transport processes in the
organic semiconductor. The electrical conductivity, however, can be improved by increasing the
charge carrier concentration. This can be achieved by providing additional free charge carriers
by doping or by injecting charge carriers at a contact, which will be covered in the next section.
2.1.3 CHARGE CARRIER INJECTION
Metal semiconductor interface The injection of charge carriers into the semiconductor is
happening at a metal contact. For understanding the injection mechanism and the important
processes, the interface between metal and semiconductor needs to be considered. Also in
the case of hopping transport, the charge carrier transport happens at a certain transport energy
level. Therefore, the energy diagram showing a band structure can still be used to visualize the
transport level, but it should be kept in mind that the charge carriers are not delocalized over
multiple molecules.
Such an energy diagram in the case of the interface between gold and pentacene, which
also is used in the experiments in this work, is shown in reference [40]. In general, the work
function of the metal is different from the ionization energy and the electron affinity of the
semiconductor. Thus, the FERMI-level does not correspond to the transport energy level of
the HOMO and LUMO, respectively. In the case of gold, the work function is 5.1 eV and
pentacene has an ionization energy of 5.0 eV [40]. However, it is not possible to conclude that
the injection barrier for holes would be simply the difference of 0.1 eV because the potentials
at the interface are subject to a shift due to further effects.
At the metal semiconductor interface, the energetic surrounding of the atoms and molecules
is different from the bulk. This leads to a charge redistribution, which finally leads to layer
of dipoles at the interface. This layer of dipoles then represents a difference in the electric
potential, which is depending on the orientation and strength of the dipoles and cannot be
predicted easily. As the thickness of the layer of dipoles is negligible, this effect can be seen
in an energy diagram as a jump in the vacuum level.
Furthermore, a band bending can usually be observed in the semiconductor close to the
metal interface. The reason is in principle the different energy of the FERMI-level in the metal
and semiconductor. When both materials are in contact, there will be a diffusion of charge
carriers. Additionally, interface states can be filled, as well. The semiconductor is not neutral
any more but electrically charged. According to the POISSON equation
∆ϕ
(
r⃗
)
= −
ρ
(
r⃗
)
ϵ
(2.17)
with the permittivity ϵ, a charge density ρ
(
r⃗
)
corresponds to a curvature of the potential ϕ
(
r⃗
)
,
i. e. a band bending. In the picture of an energy diagram, this process can be described as the
equalization of the FERMI-levels of the metal and the semiconductor. The resulting difference
in the electrical potential between the ends of both materials is then the built-in voltage.
Injection mechanism When a charge carrier shall be injected from the metal into the semi-
conductor, it will have an energy corresponding to the FERMI-level in the metal, at the begin-
ning. In the semiconductor, however, there is the band gap at this energy, i. e. there are no
states at this energy which could be occupied. In order to inject a hole from the metal into the
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HOMO of the semiconductor, an energy corresponding to the height of the injection barrier ΦB
would need to be provided in principle. In the case of the injection of an hole from gold into
pentacene, this energy is about 1 eV due to the layer of dipoles and the band bending [40].
Applying an external voltage leads to an effective lowering of the injection barrier due to the
SCHOTTKY effect [41]. A charge near a metal surface, and thus also a charge in the semicon-
ductor close to the interface, will induce a charge distribution at the metal surface that has
the same potential and electrical field distribution as an imaginative image charge in the metal.
By superimposing the electrical potentials of the image charge and the externally applied volt-
age, an effective potential V (x) will result as shown schematically in figure 2.4. This effective
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Figure 2.4: Schematic visualization of the injection of a hole from a metal into a semiconduc-
tor. The potential of the external electric field and of the image charge lead to an
effective potential V (x) and a reduction of the injection barrier ΦB to an effective
injection barrier Φeff (SCHOTTKY effect). The barrier may be overcome by tunneling
(green) or by thermal excitation (red). The coordinate x represents the axis that is
perpendicular to the interface plane.
potential reduces the injection barrier by a value of
∆Φ = ΦB − Φeff =
√
q3 · F
4πϵ
(2.18)
leading to an effective injection barrier Φeff. Here, q is the charge, F the electric field strength,
and ϵ the permittivity. The singularity which occurs due to the potential of the image charge
very close to the interface is owed by the model and without practical relevance.
The injection barrier may be overcome by the following two limiting cases: A thermal exci-
tation to the energy of the injection barrier Φeff (red arrow) or by tunneling through the barrier
(green arrow). Both mechanisms benefit from the reduced injection barrier due to the SCHOT-
TKY effect. For the thermionic injection, the required energy is reduced and for the tunneling,
the lower barrier height increases the tunneling probability.
Those two injection mechanism which are known from inorganic semiconductors, lead to
discrepancies in the behavior of the injection of charge carriers into organic semiconductors.
Here, the hopping transport mechanism needs to be considered as well [42]: Due to the
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GAUSSian density of states in organic semiconductors, a charge carrier may first hop onto a
molecule that has another neighbor molecule with a lower energy. After hopping onto the first
molecule, the charge carrier can than relax to the second molecule. That first molecule with a
higher energy will then prevent that the charge carrier can relax back into states closer to the
metal again. That way, the charge carrier can get to the top of the injection barrier molecule by
molecule, where the transport mechanism as discussed in section 2.1.2 begins.
Despite the SCHOTTKY effect, the injection barrier that needs to be overcome is still rather
high. Thus, the injected currents are still quite small. On one hand, this is an advantage as
this allows to create well blocking SCHOTTKY contacts, e. g. for use in SCHOTTKY diodes, and
these are also required in Organic Permeable Base Transistors (OPBTs) to allow lower leakage
currents. On the other hand, also a high current, i. e. a good injection, is desirable. Therefore,
doping the semiconductor is necessary.
2.1.4 DOPING
Realization Similar to inorganic semiconductors, the purpose of doping is not only to increase
the number of charge carriers and thus the conductivity, but also to improve the injection, so
that charge carriers do not require a high thermal excitation to overcome the injection barrier
and the tunneling probability is increased. Thus, more charge carriers can be injected into the
semiconductor and the injected current can be increased by multiple orders of magnitude.
In this work, the doping of organic semiconductors which have been brought onto a sub-
strate using thermal vapor deposition is relevant. This can be achieved, when evaporating not
only the semiconductor material molecules (matrix molecules) itself, but also molecules of the
dopant molecules at the same time [43]. Matrix as well as dopant molecules will then be
deposited onto the substrate. Further experimental details concerning the evaporation can be
found in section 4.2.1.
Doping mechanism The working mechanism for doping will be discussed in the following
for the case of p-doping. Molecules (p-dopant or acceptor molecules) with a very high electron
affinity are brought into the organic semiconductor (matrix molecules). The LUMO of those
molecules has an energy close to the HOMO of the matrix molecules or even lower. Now, an
electron from the HOMO of a matrix molecule can be transferred to the LUMO of the acceptor
molecule. That way, a free hole is created in the HOMO of the organic semiconductor. This
process is shown schematically in figure 2.5. Consequently, the concentration of free holes is
larger which can be described by a shift of the FERMI-level towards the HOMO. In contact with
a metal the FERMI-levels will equalize, i. e. holes diffuse into the metal, or electrons from the
metal fill the holes in the semiconductor. This leads to a built-in voltage and the semiconductor
is charged negatively at the interface to the metal which leads – according to the POISSON
equation (2.17) – to a strong curvature of the electric potential and a very thin depletion region.
Effectively this represents a thinner injection barrier and therefore the tunneling probability is
rising significantly. The further theory on injection mechanisms described in 2.1.3 is still valid.
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Figure 2.5: Principle of p-doping small molecule semiconductors: Molecules (acceptor) with a
LUMO which is energetically below the HOMO of the matrix molecule are brought
into the matrix molecules. Electrons from the HOMO of the matrix molecule can
be transferred to unoccupied states of the new acceptor molecules and leave a
free hole in the HOMO of the matrix molecule.
2.2 ORGANIC PERMEABLE BASE TRANSISTORS
2.2.1 STRUCTURE
The Organic Permeable Base Transistor (OPBT) is a three-terminal device where the current
between two electrodes can be controlled with the third one. Additionally, the required control
current should be as small as possible to be useful as a transistor. Referring to the bipolar junc-
tion transistor, here the electrodes are called emitter, base, and collector. In a few publications,
especially older ones, the terms cathode, grid, and anode are used, in analogy to the vacuum
tube triode, where a grid controls the current between the other two electrodes. Sometimes
the electrodes are also called source, gate, and drain, due to the similarity also with the field
effect transistor.
Layer stack The basic structure of an OPBT is shown in figure 2.6. A thin base layer is em-
bedded between two layers of organic semiconductor. In this work, OPBTs using an aluminum
layer as the base are investigated. In principle, also other materials could be chosen, like poly-
mers [5, 44]. The semiconductor layers are then contacted by metals at the top and the bottom.
Here, the top and bottom electrodes consist of two layers of metal, a thin gold layer, and a thick
aluminum layer. However, this is a rather practical detail and will be investigated and discussed
in section 7.3. In order to improve the injection at the outer contacts, doped semiconductor
layers are inserted. This is not strictly necessary, when the material combination is chosen
carefully [45–48]. Nevertheless, it provides the freedom to chose the materials independently
from injection aspects. Although charge carriers need to be injected at one electrode only, the
doped layers are present at the top and the bottom electrode. Therefore, the layer stack is
symmetric and the top and bottom electrode can be used as emitter and collector, in any order.
In principle, the layer stack corresponds to two SCHOTTKY diodes, namely the base-emitter-
diode (between base and emitter) and the base-collector-diode (between base and collector).
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Figure 2.6: Schematic structure of an OPBT. A thin, permeable base is placed between two
semiconductor layers which are contacted by metals. The doped layers support
the charge carrier injection.
These two diodes are connected at their rectifying contacts, i. e. the base. In the case of a
p-type OPBT and therefore p-doped layers, both diodes would share their cathodes. If the
base layer would be too thick, the device would simply show the characteristics of two diodes
that are connected back-to-back. However, if the base layer is thin enough, small openings
can occur in the base layer [49, 50]. These openings are a very important part of the device
structure as they allow charge carriers to be transmitted through the base. In order to not get
absorbed by the base immediately and resulting in a high, unwanted base leakage current, the
base electrode needs to be surrounded by a thin insulator, e. g. an oxide layer [49].
Conventions As already mentioned, due to the symmetric layer stack, the emitter and collec-
tor electrodes cannot be assigned from the layer stack alone. Only the base has to be always
the middle electrode. Emitter and collector will be defined by the external wiring and the ap-
plied voltages. The emitter is the electrode where charge carriers are injected from the metal
into the semiconductor and the collector is the other electrode where the charge carriers that
come from the base are collected. In the case of a p-type OPBT the collector will therefore
have a lower potential than the emitter, as holes flow into the direction of lower electric po-
tentials. For the operation, only voltages, i. e. differences in the electric potential are relevant.
Therefore, an offset can be chosen freely. In this work, the emitter potential is set to 0 V, as
this simplifies the description when operating the transistor in the common emitter configu-
ration, which will be done most of the time. In practice, the symmetry of the device will be
broken due to the fabrication which is done layer-by-layer and therefore the morphology of the
lower and upper part of the OPBT may be different. As a consequence, the current transport
and the behavior of the OPBT depend on the direction of the current flow. Thus, the direction
of operation, i. e. which electrode is used as collector and emitter, has to be specified always
when characterizing the device.
For the direction and sign of the currents, following convention shall be introduced and used:
During “normal” operation of the transistor, all currents shall be positive. I. e. the emitter
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currents are positive when majority charge carriers (holes for p-type OPBTs, electrons for n-
type OPBTs) are injected into the semiconductor, whereas the collector current is positive
when majority charge carriers are extracted (collected). As a part of the charge carriers from the
emitter will not flow to the collector but to the base instead, also the base currents are defined
as positive when the charge carriers from the emitter are flowing into the base. Following
these conventions, KIRCHHOFF’s current law can be written as
IC = IE − IB . (2.19)
This gives a very intuitive understanding. The current that arrives at the collector is the current
that has been injected at the emitter, reduced by the current that leaks into the base. Especially
if there are no base currents, the collector current equals the emitter current.
2.2.2 BASIC OPERATION PRINCIPLE
This section provides a brief overview of the basic operation principle of the OPBT. A more
detailed investigation of the operation mechanism will be derived using simulations in chap-
ter 5. Basically, the operation mechanism is the same for n-type and p-type OPBTs. In order to
keep the discussion simple, a p-type OPBT will be considered here. Therefore, holes are the
majority charge carriers and the collector potential is negative (the emitter potential is chosen
to be at 0 V). Due to the high injection barrier for electrons at all three electrodes (p-doped
layers at the outer contacts and an additional insulator at the base), only a current flow due to
holes needs to be considered and electrons can be neglected here.
On- and off-state of the OPBT First, the off-state shall be considered. There, the base has
a high potential, i. e. 0 V or even above. Thus, the base-collector diode is operated in reverse
direction. Because of the rectifying SCHOTTKY contact and the insulator at the base, only very
few holes are injected at the base and transported towards the collector due to the electric
field. This is the leakage current of the base-collector-diode. Between emitter and base, there
will be no current for a voltage of 0 V. If the base potential is higher, also this diode is operated
in reverse direction and only leakage currents can be expected that flow from base to emitter.
Also a base potential that is slightly below the emitter potential does not lead to a significant
current flow immediately. Because of the built-in voltage, the electric field does still point
towards the emitter, resulting in a drift current from base to emitter. In other words, the high
base potential represents a high energy barrier for the positively charged holes which cannot
overcome this barrier. Hence, the high base potential suppresses a current flow between
emitter and collector even though a collector-emitter voltage has been applied, which makes
this the off-state.
At a low (negative) base potential, the base does not act as an energy barrier for holes any
longer. The base-emitter diode is now biased in forward direction. Holes can be injected
at the emitter, supported by the p-doped semiconductor layer, and the applied electric field
transports them towards the base. When arriving at the base, there are two options for the
charge carriers: On one hand, the charge carriers can flow into the base and contribute to
the base-emitter current IBE (cf. figure 2.7). This case, however, is unwanted – because a
low base current is necessary for a good current amplification – and shall be reduced by the
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Figure 2.7: Visualization of the currents inside the OPBT. The transmission current IT between
emitter and collector is the main current. A small fraction of the current is flowing
into the base (IEB) and another small current is injected at the base and flows to
the collector (IBC).
base insulation. On the other hand, charge carriers can be transmitted through the base layer.
The electric field between base and collector then transports the charge carriers towards the
collector, as long as the collector potential is more negative than the base potential. Those
charge carriers that flow from emitter to the collector form the transmission current IT. Similar
to the off-state, a few charge carriers can still be injected at the base and flow towards the
collector. This is the base-collector current IBC. From an external measurement, these currents
cannot be measured. Only the total base, emitter, or collector currents are available. Only
under the assumption that IBC is zero, the transmission and emitter-base current are available
from a measurement. When the base potential is reduced even further, below the collector
potential, the OPBT does still work. This is related to charge carriers that start to accumulate
in front of the oxide. This effect will be discussed in the comprehensive study using the
simulation in chapter 5.
The n-type OPBT works in principle in the same way, but due to the opposite sign of the
charge of an electron, the n-type OPBT is in the on-state for high base potentials and in the
off-state for low base potentials.
Transmission mechanism The process of the charge carriers being transmitted through the
base layer is very important for the transistor operation. Two explanations for this behavior can
be found in literature. According to the “Hot-Carrier-Mechanism”, charge carriers that come
from the emitter flow into the base but do not relax towards the transport level there [51].
Instead, the charge carriers stay approximately at the energy of the HOMO (for holes) or LUMO
(for electrons), even in the base. At the base-semiconductor interface at the collector side,
these charge carriers do not need to overcome the whole injection barrier, but only the amount
of energy that they have lost while in the base layer. As the charge carriers will always lose at
least a certain energy, the injection barrier on the collector side needs to be smaller than on the
emitter side in order to allow high current transmissions. Thus, such a mechanism would allow
a high transmission only when operating the device in one direction, while the base currents
would be much higher in the opposite direction. As experiments have shown that OPBTs
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with a transmission above 95 % in both directions exist, the “Hot-Carrier-Mechanism” cannot
explain the charge carrier transmission through the base sufficiently [49].
The other mechanism explains the transmission through small openings in the base layer.
Hence, the base can be considered as a perforated or grid-like electrode, similar to the grid
in a vacuum tube triode. This allows the semiconductor in the top and the bottom part of the
OPBT to be in direct contact. Those openings can be brought into the base actively using
structuring techniques [52] or these openings form by themselves when only a thin aluminum
layer is deposited [49]. After the base layer has been deposited, the top semiconductor layer is
evaporated and can create a contact to the lower semiconductor layer through the openings.
That way the charge carriers are able to flow from the bottom to the top semiconductor layer
(or the other way round) without having to overcome any injection barriers as they never leave
the semiconductor. The transmission mechanism can thus be explained by geometry only.
Nevertheless, the fraction of charge carriers that are able to pass the base can be much larger
than the sum of the opening area in relation to the whole active area.
This requires a more detailed understanding of the operation mechanism and will be derived
from the simulation results in chapter 5. In principle, the oxide layer around the base prevents
charge carriers from flowing into the base directly and the charge carriers accumulate in front
of the base, forming a charge channel where they can flow towards the next opening.
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3 OVERVIEW OF DIFFERENT
TRANSISTOR ARCHITECTURES
There are several organic transistor concepts that are studied in literature. This chapter starts
with the commonly known Organic Field Effect Transistor and presents some highlights of the
research of this device. Afterwards, the development of the Permeable Base Transistor as well
as various optimization approaches that can be found in literature are discussed. Additionally,
a comparison with inorganic transistors is given and other emerging transistor concepts are
discussed, as well.
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3.1 ORGANIC FIELD EFFECT TRANSISTORS
The Organic Field Effect Transistor (OFET) has a structure that is analogous to inorganic field
effect transistors, just with an organic semiconductor instead of silicon [53]. Within the organic
transistor research community, this is probably the structure that has been investigated most
often and in detail, which may be related to the popularity and performance of the MOSFET in
silicon electronics.
Remarkable achievements in the OFET research are the optimizations obtained by self as-
sembled monolayers (SAMs) like alkyl phosphonic acids which stick to the aluminum oxide of
the gate dielectric and improve the device behavior and using air stable materials like DNTT1
[54]. Field effect mobilities above 2 cm2/ (Vs) have been achieved. In ambient conditions, this
degraded by 5% only within three month. A very high on-off-ratio of 108 could be reached and
at voltages of 1 V a current of 10 µA can be driven with a channel length of L = 10 µm and width
of W = 100 µm. Even with a small square footprint area with W/ L = 1, the current is sufficient
to drive an OLED in an active matrix display [54].
In order to reach high frequencies, Kitamura et al. reduced the channel length to 2 µm [55].
Additionally, they used several optimization techniques to get the best performance possible. In
particular, an aluminum-silicon alloy has been used as the gate electrode for a smooth surface,
the source and drain electrodes consist of a thin gold-nickel alloy layer and a second pure gold
layer which was modified with the DABT2 in order to reduce the injection barrier. The 200 nm
thick silicon dioxide gate insulator has been treated with HMDS3 to improve the effective field
effect mobility in the semiconductor (C60) up to 2.2 cm
2/ (Vs). A transit frequency of 27.7 MHz
has been achieved with that structure, which is among the highest values for organic transistors
[56]. However, the required operation voltage of 25 V is still rather high.
Ante et al. have fabricated an OFET with an even smaller channel length of only 1 µm by using
a high resolution silicon stencil mask for the lithography process [57]. They used an aluminum
oxide of only 3.6 nm thickness and a tetradecylphosphonic acid as a SAM on top as the gate
dielectric. The chosen semiconductor was DNTT. Their OFET reaches an on-off-ratio of eight
orders of magnitude at an operation voltages of 1.5 V and a cutoff frequency of 2.2 MHz.
One advantage of organic semiconductors compared to silicon which requires a rigid wafer,
is the possibility to build mechanically flexible electronics. Kaltenbrunner et al. have fabricated
OFETs on a 1 µm thick polyethylene naphtalate (PEN) substrate with a weight per area of only
3 g/ m2 [58]. In comparison, paper which is used for printing typically has a weight per area
of 80 g/ m2. They also used a phosphonic acid SAM on the gate dielectric and DNTT as the
organic semiconductor was chosen. Due to the thin substrate, the foil with the transistors can
be crumpled and the transistors are still operational. A bending radius of 5 µm is possible and
the mobility reaches 1.6 cm2/ (Vs) with an on-off-ratio of 107 [58]. In addition, the transistors
have been demonstrated in a tactile sensor circuit on the ultra thin substrate and applications
in bio medicine have been suggested.
The OFET usually has a highly conductive channel in front of the oxide. But especially when
reducing the channel length, the injection resistance from source to the semiconductor starts
to become the limiting factor. Torricelli et al. presented a OFET like structure with two additional
1Dinaphtho[2,3-b:20,30-f]thieno[3,2-b]thiophene
24-(dimethylamino)benzenethiol
3hexamethyldisilazane
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electrodes, a control source and a control drain [59]. Those two additional electrodes are placed
above the semiconductor in the regions of source and drain (in a bottom contact, bottom gate
OFET), but electrically insulated. By applying a voltage between source and control source
with the appropriate polarity, charge carriers can be injected at the source and are brought to
the insulator in front of the control source where they accumulate. From there, a conventional
OFET operation between control source, gate, and control drain is possible, just like in a top
contact, bottom gate OFET. Charge carriers do not need to be injected into the semiconductor
first, as they reside in a reservoir near the control source already in the semiconductor. This
accumulation of charge carriers in front of the control source therefore acts as an ideal contact.
The injection and the transistor operation itself could therefore be decoupled and also the area
over which the charge carriers are injected at the source can be maximized without affecting
the OFET performance. On one hand, this allows to study the transport in the OFET without
injection limitation, and on the other hand the transistor shows a very high intrinsic gain of 700
[59]. With the help of simulations, the operation mechanism has been investigated in detail and
a way to use the transistor in a circuit has been proposed in analogy to dual gate transistors.
3.2 ORGANIC PERMEABLE BASE TRANSISTORS
3.2.1 DEVELOPMENT OF THE PERMEABLE BASE TRANSISTOR
Inorganic pioneer work Even before organic semiconductors became popular in transistors,
Tung et al. have shown a Permeable Base Transistor in 1986 using a Si/CoSi2/Si hetero structure
[60]. This device did not require a structuring of the openings in the base layer, instead the
growth of the natural openings was controlled with the conditions during the molecular beam
epitaxy. A current transmission of 95 % was reached. However, this was only possible in
samples with many and large openings, resulting in a poor saturation behavior.
The influence of openings in that device has been investigated by Pfister et al. in the same
year [61]. They created an analytical model for the impact of the base potential on the cylindri-
cal opening, where the potential was assumed to have an parabolic shape, with the minimum
in the middle. This was compared to numerical simulations and has been found to be in good
agreement. As a further result, they found a relation between the small signal transconduc-
tance of the transistor and the presence of openings.
The permeable base transistor based on inorganic semiconductors like silicon never reached
a break-through. Probably this can be explained by the direct competition through bipolar
junction transistors (BJTs) and metal-oxide-semiconductor field effect transistors (MOSFETs),
where the inorganic Permeable Base Transistor did not have sufficient advantages, as it also
required the same technology for fabrication, e. g. a silicon single crystal.
Polymer Grid Triode The concept of a transistor with a control electrode in the middle that
is permeable has been adopted to organic materials by Yang and Heeger in 1994 [5]. They
presented their device called Polymer Grid Triode due to the similarity to the vacuum tube triode
which also uses a grid-like electrode to control a current. Instead of a metal grid, a protonated
polyaniline (PANI-CSA) has been used and MEH-PPV4 was used as the semiconductor polymer.
4Poly[2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene-vinylene]
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The aim was to create a structure for organic transistors that did not require a long transport
path like in the Organic Field Effect Transistor (OFET) which resulted in a poor performance
due to the low charge carrier mobility in organic semiconductors. The presented devices had a
modest rectification ratio and a current gain of 4.5 was reached. The device was able to work
up to a unity current gain frequency of about 1 kHz.
One year later, Heeger et al. presented a complex and impressive application of the Polymer
Grid Triode [62]. They have fabricated an array of PGTs with a common grid electrode (base).
The sheet resistance of the grid leads to an averaging of the potential in the surrounding. In
the end, the circuit was capable to do image processing like in the human eye. When a scene
has very bright and very dark areas at the same time, photos can usually only show the details
in one of those areas, while the pixel values in the other area are clipped. The human eye,
however, can see details in both areas at the same time. This results from the logarithmic sen-
sitivity and the edge-enhancement of the human perception. The same behavior is replicated
by the circuit. A signal corresponding to the pixel value is applied as the operation voltage,
the grid potential will be an average of the surrounding pixels (as it is connected). The result-
ing output current results from the difference between operation voltage (pixel value) and grid
potential (average of surrounding) and therefore represents a center-surround-filter, which is
exactly the edge enhancement of the human eye. The logarithmic compression simply results
from the operation of the PGTs in a common base configuration and the behavior of the output
characteristics. Due to the parallel processing, this circuit scales much better than a (serial)
calculation of the same filter with a computer.
Also an analytical model has been provided for the PGT [63]. This includes the description
of the field enhanced injection due to the grid voltage. The results have shown that the PGT is
probably not useful as an amplifier, but instead can be used rather for switching applications.
The performance of the PGT could be improved by McElvain in 1997 by replacing the organic
semiconducting polymer with C60 [44]. The required operation voltage was reduced below
5 V, reaching 1 mA/ cm2. However, the disadvantage of these devices is the rather complex
fabrication. The C60 is deposited in a vacuum chamber while the polyaniline film has to be
solution-processed. In order not to destroy the C60, precautionary measures are necessary.
Metal Base Transistor By replacing the polymer grid with a metal, the transistor can com-
pletely be fabricated by thermal vapor deposition. Such a Metal Base Transistor using an alu-
minum base has been shown by Fujimoto in 2005 [64]. In particular, this was an n-type transis-
tor that used Me-PTC5 in the bottom part and C60 in the upper part. At an operation voltage of
5 V, a current gain of 180 could be observed and the transistor was reaching a current density
of 300 mA/ cm2 with an on-off-ratio of two orders of magnitude. At the point of the publication,
the operation mechanism was not completely clear, but with today’s knowledge, this transistor
can also be counted as an Organic Permeable Base Transistor.
Due to the vertical stack of the OPBT, an Organic Light Emitting Diode (OLED) can be inserted
easily without occupying a part of a pixel in a display. The OLED is not simply connected to
the collector of the transistor, but directly implemented into the device stack. Nakayama et
al. have used the layer stack from Fujimoto and inserted an OLED stack between the bottom
electrode and the Me-PTC layer [65]. The luminance reached a value of 370 cd/ m2. The authors
5N,N’-dimethyl-3,4,9,10-perylene tetracarboxylic diimide
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also proposed to use the light emitting transistor to support active matrix displays which then
would require only smaller driving currents.
Another PBT with an aluminum base has been shown by Kim et al. [66], where the transistor
used organic as well as inorganic semiconductors. In the bottom part, NiO has been used
(emitter), and in the top part the polymer P3HT6 (collector). The transistors showed a current
gain of almost 300 when the base layer has a thickness of 10 nm and they had a very good
current saturation in the output characteristics. However, due to the low mobility polymer
P3HT, the collector current densities hardly exceed 1 mA/ cm2.
An application of an OPBT as a photo detector has been shown by Zhang et al. in 2015 [67].
As organic semiconductor, ZnPc7 has been used in both parts of the p-type OPBT. A transparent
bottom electrode (ITO) has been chosen. Comparisons of the electrical characteristics in the
dark and under illumination with light with a wavelength of 351 nm show that the current
is higher by a factor of up to three when illuminated. At an operation voltage of 3 V, the
responsivity reaches 5 A/ W.
Static Induction Transistor Organic Static Induction Transistors are often the same as Or-
ganic Permeable Base Transistors. While the term “Permeable Base” refers to the structure
of the device, “Static Induction Transistor” refers to the IV-characteristics. For inorganic tran-
sistor devices, the term Static Induction Transistor was used when referring to transistors that
did not show a saturation in the output characteristics [68]. However, organic semiconductor
publications do not strictly follow these criteria and sometimes name their devices Static In-
duction Transistors based on their stack or fabrication. Also under certain conditions, the same
transistor can exhibit a current saturation, depending on the chosen operation voltage and base
potential range, making a differentiation according to the behavior obsolete [69].
Whatever the chosen name for a Permeable Base Transistor is, also transistors without a
saturation in the output characteristics can be used in applications. Iechi et al. have demon-
strated an inverter based on two stacked pentacene OPBTs [70]. The single transistors have
shown an on-off-ratio of three orders of magnitude, but only a current density of a few mA/ cm2
were reached. The voltage gain of the inverter reached a value of 1.5 for the stacked inverter
in comparison to 0.7 for two separate transistors that are connected laterally. However, the
usefulness of this particular inverter in logic circuits is doubtful, as the noise margin is very
small.
3.2.2 OPTIMIZATION STRATEGIES
Co-evaporation of the base layer Many of the high performance OPBTs use an organic
semiconductor which has a good electron mobility only and can therefore be used in n-type
transistors only [64, 71]. P-type OPBTs using e. g. pentacene, need some technical adjust-
ments in order to optimize the performance. One method that has been shown by Zhao et
al. is the co-evaporation of pentacene and aluminum for the base layer [47]. The idea behind
this approach is to foster the formation of pentacene filaments through the aluminum base
layer. This creates a connection between the top and the bottom semiconductor layer and
charge carriers can be transmitted through the base layer without needing to travel through
6Poly (3-hexylthiophene-2,5-diyl)
7Zinc phthalocyanine
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the aluminum. A current amplification of 130 has been reached using this method [47]. The
on-off-ratio of those devices, however, has dropped down to two. Probably the pentacene has
formed clusters that are too large to be controlled by the base potential sufficiently. Therefore,
such devices could be used for small signal applications at most. The current gain has been
shown to depend on the mixing ratio of pentacene to aluminum, yielding an optimum at 1 : 10.
The method of co-evaporating the semiconductor with the metal of the base did not find a
large resonance and also an attempt to reproduce the results within this work with the opti-
mum mixing ratio failed. The co-evaporation did not improve the charge carrier transmission.
It is conceivable that the performance is very sensitive to the processing parameters despite
the deposition rate or that the success of this method also depends on further factors like the
substrate8, in which case the optimization is not purely based on the co-evaporation.
Nano particles as shadow masks A method for creating the openings in the base layer on
purpose has been shown by Chao et al. by using an additional structuring step [45]. Directly
before the aluminum base layer is deposited, small polystyrene spheres with a diameter in
the 100 nm range have been brought onto the sample in a solution. Then, those spheres are
more or less randomly distributed on the surface of the bottom semiconductor. During the
evaporation of the aluminum, these spheres act similar to a shadow mask. Afterwards, the
polystyrene spheres can be washed away with ethanol or removed with a tape [45, 46]. An
aluminum layer results that has small openings at the positions of the polystyrene spheres. As
organic semiconductor, the hole conducting polymer P3HT has been used. The devices show
a current gain of over 500 at operation voltages of 3 V and can operate at up to 100 kHz [72].
Further optimizations have been shown by Chao et al. who placed an insulator below the
base. After the base has been processed and the polystyrene spheres have been removed,
the insulator below the openings has been etched away, creating tunnels from the bottom
electrode to the openings in the base layer [73]. The material below the covered parts of the
base is protected by the aluminum and therefore not affected by the etching step. Afterwards
the tunnel is filled with organic semiconductor and the top part of the OPBT is completed.
When injecting charge carriers at the bottom electrode, the insulator prevents some base
leakage currents. Thus the current gain is improved, reaching values of 104 [73]. While the
insulator in the bottom part is beneficial for the current transmission, it reduces the area that
can contribute to the current. Therefore, the effective current density is reduced and the
devices hardly exceed 1 mA/ cm2.
Wu et al. have shown a further optimization by placing the nano-spheres with a solution in a
way so that the spheres are densely packed [74]. Using plasma etching, the diameter of the
spheres is reduced creating a space between the spheres and thus creating a regular pattern
of spheres and later openings in the base layer. Effectively this allows a larger fraction of the
opening area and the current density could be increased to 12 mA/ cm2. Nevertheless, this is
still a rather low current density and also the complex fabrication procedure is a major drawback
of this technology. In this context, the fact that these transistors are neither in the on nor the
off state at a base-emitter voltage of 0 V is only a minor inconvenience.
8In the reproduction attempt, an aluminum bottom electrode has been used instead of ITO/PEDOT:PSS
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Structuring of the active area An issue that arises from the tools used for the fabrication is
a misalignment of the electrodes. This means, not all three electrodes are present in a part of
the active area, but only two of them. If those two electrodes are emitter and base (i. e. the
collector electrode is misaligned), electrons can be injected at the emitter (in case of an n-type
OPBT), flow towards the base, may be transmitted, but cannot be gathered by the collector, as
it is missing. Therefore, the charges have to tunnel through the oxide and flow into the base.
Hence, the transmission is reduced. Similarly, also the base electrode can be misaligned. This
allows a leakage current between emitter and collector that cannot be controlled, as the control
electrode (base) is not between emitter and collector.
In order to solve this issue, Klinger et al. have introduced an additional insulator (SpiroTTB9)
above the base (on the emitter side) which confines the active area [56]. This allows to make
the base and collector electrodes large enough so that fabrication inaccuracies do not matter
any more. With a thick insulator, the current outside the active area is kept very small and also
the parasitic capacitance can be reduced.
By annealing the n-type OPBT which uses C60 as the semiconductor, the opening formation
process in the base layer is supported. A differential transmission of 99.96 % was reached,
corresponding to a current gain of 2500. At the same time, current densities above 10 A/ cm2
are reached at an operation voltage of only 1 V. The reduced leakage current between emitter
and collector leads to a lower off-state and the on-off-ratio could be improved to more than
106. Also the AC operation has been investigated, a unity current gain frequency of 2.2 MHz
was observed.
Further optimizations have been implemented together with Klinger et al. in the emitter
part of the OPBT [18]. In particular, the structuring insulator has been replaced with silicon
oxide (SiOx) and positioned between the doped injection layer at the emitter and the intrinsic
semiconductor. Additionally, the thickness of the intrinsic semiconductor layer at the emitter
has been reduced down to 30 nm. An on-off-ratio of 108 and a current density of 75 A/ cm2 have
been shown at an operation voltage of 2 V. At higher voltages (3.6 V), the device has reached
a transit frequency of 11.8 MHz and at VCE = 7 V, a current density above 1 kA/ cm2 was
measured [18]. Nevertheless, the device is still operational also at very low operation voltages
down to 1 mV. With such a performance, this optimized device represents a milestone in the
OPBT development.
Tetrode with a multi-layer base An optimization that does not aim for an improvement of
the transmission but the output characteristics behavior instead, can also be found in a similar
way in inorganic electronics. The vacuum tube triode, which has some similarities to the
OPBT as will be discussed in the next section, had no pronounced saturation [75, p. 203]. I. e.
the anode current was increasing with the anode potential in all operation regimes, or in the
picture of the OPBT this would correspond to a missing saturation of the collector current in the
“saturation” regime. To solve this issue, tetrodes were built. In those devices, an additional,
fourth electrode has been inserted behind the grid which acts as a shield and therefore reduces
the influence of the anode on the current that is controlled with the grid potential, leading to a
much better saturation10.
9spiro-tetra-(p-methyl-phenyl)-benzidine
10Data sheet of KT55 Tetrode: http://www.r-type.org/pdfs/kt55.pdf
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Agrawal et al. have adopted this concept to the OPBT [76]. Instead of a separate electrode,
they are using a base which consists of multiple layers. In particular, the base consists of
two thin aluminum layers with 3 nm of C60 in between. The thin C60 decouples both aluminum
layers, so that the openings in these films occur randomly at different positions. Charge carriers
therefore need to travel a longer way near the base which can exert a larger control on the
current. The collector potential is shielded and its reaction on the potential of the openings
is reduced. This increases the saturation in the output characteristics, reaching an output
impedance above 600 kΩ (active area: 4 mm2). The intrinsic gain, which will be discussed in
detail in section 5.8.3, could be increased to 92 [76].
3.3 COMPARISON TO INORGANIC TRANSISTORS
Field Effect Transistor One of the most important devices in inorganic circuits like micropro-
cessors is the Metal-Oxide-Semiconductor Field Effect Transistor (MOSFET) [41]. Just like the
PBT, this is a unipolar device, as well. However, the main direction of the charge transport is
parallel to the substrate.
The metal-oxide-semiconductor structure is the essential part of the device. At the semi-
conductor-oxide interface, a charge channel can be established by applying a positive potential
for n-type transistors or a negative potential for p-type transistors at the metal contact (gate)
which is on the other side of the thin oxide layer. When the opposite potential is applied, the
channel region at the semiconductor-oxide interface can be depleted. The channel can then
be contacted at both ends with an electrode where charge carriers are injected (source) and
extracted (drain). The current between source and drain can then be controlled with the gate
potential which directly affects the charge carriers in the channel. Because of the insulating
oxide layer, the gate currents can be kept very small. Only when switching, the gate current
occurs which charges the gate oxide capacitance.
Many similarities to the PBT can be found. In both devices, the current is controlled with the
potential of a control electrode (base/gate). The control currents are very small in principle, as
the control electrode is covered with an insulator. In front of the insulator, a charge channel can
be formed with a very high conductivity (in chapter 5 this will be discussed for the OPBT). De-
pending on the potential of the control electrode, this channel can also be depleted, preventing
a current flow. The main difference of both devices is the geometry. In a Field Effect Transistor,
the charge carriers need to travel parallel to the semiconductor-oxide interface from source to
drain. In order to obtain a high performance, the distance between source and drain should
be as small as possible. Especially in silicon electronics, sophisticated structuring techniques
allow this distance to be in the range of a few tens of nanometers. However, this cannot be
applied to organic semiconductors that easily. In the PBT, the distance between emitter and
collector is given by the thickness of the semiconductor layers. When using thermal vapor
deposition like in the OPBTs presented in this work, a thickness in the nanometer range is
possible and can be controlled accurately.
Bipolar Junction Transistor As suggested by its name, the Bipolar Junction Transistor (BJT)
is a bipolar device. The device corresponding to a p-type OPBT would be the pnp BJT, where
an n-doped layer is embedded between two p-doped layers [41]. The n-doped layer represents
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the base in the BJT, where the OPBT has a metal layer. In principle, both devices consist of two
diodes which are connected in series but oppositely biased. Their common contact is the base
and this layer needs to be very thin. In case of the OPBT, the diodes are SCHOTTKY-diodes, in
the BJT they are pn-diodes. The other two ends of the diodes, the outer contacts, are emitter
and collector. In both devices, charge carriers are injected at the emitter, flow vertically towards
the base, and a part of them is transmitted through the base layer and can finally flow towards
the collector.
A very clear difference between the OPBT and the BJT can be found in the transmission
mechanism, i. e. the way that charge carriers can pass the base layer in order to reach the
collector. In an OPBT, the charge carriers are transmitted through small openings in the base
layer [49, 77, 78]. I. e. the charge carriers are actually never in the base material directly and
only are influenced by its potential. In the BJT, however, the charge carriers that are injected at
the emitter (in case of a pnp transistor holes) and flow towards the base where a small part of
them recombine with the majority charge carriers (electrons in a pnp transistor) of the weakly
doped base layer. As this base layer is thin in comparison to the diffusion length of the holes,
most of them can diffuse into the collector region. There, they are collected by the field of
the built-in voltage and the externally applied voltage. This built-in voltage supported gathering
of the charge carriers at the collector is again a similarity, that can also be seen in OPBTs (cf.
section 7.4).
Vacuum Tube Triode The OPBT has also similarities with a Vacuum Tube Triode. In early
publications, the OPBT has also been called a triode [5, 49]. In both devices, the current
between two outer electrodes can be controlled with the potential of a permeable, grid-like
electrode that is placed in the middle.
In the Vacuum Tube Triode, the cathode is heated and by using a high voltage – 100 V are
common – electrons are released by the thermionic emission and accelerated in the vacuum
towards the anode [75]. By applying a negative potential at the grid electrode, an anode current
can be prevented. Without a negative potential, i. e. when the grid-cathode voltage is zero or
the grid is disconnected, the high anode-cathode voltage will be sufficient to extract electrons
from the cathode. Therefore, the Vacuum Tube Triode is a normally-on device. Often, real
devices were using a cylindrical geometry, where the cathode is in the middle, surrounded by
a helicial wire as the grid, and an outer metal cylinder as the anode.
An OPBT, in contrast, is much smaller, with distances between the electrodes in the range
of 100 nm. Also, the charge transport is not happening in a vacuum, but in a semiconductor
instead. This allows the creation not only of n-type but also p-type transistors, where holes
are the main charge carrier type. Due to the possibility of doping, the injection in the OPBT
already works at room temperature and at operation voltages below 5 V, i. e. high currents can
be driven without a huge power loss, making them suitable for driving applications like in a
display.
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3.4 OTHER EMERGING TRANSISTOR CONCEPTS
3.4.1 OSBT
The idea behind the Organic Schottky Barrier Transistor (OSBT) is the modulation of the injec-
tion of charge carriers. The concept has been presented by Ma et al. [79] in 2004. The device
is a vertical organic transistor, i. e. the current flows perpendicular to the substrate. The gate
electrode is at the bottom, covered by an insulator, the gate dielectric. Then, a thin and rough
source electrode is deposited, followed by the organic semiconductor and the drain electrode
is on top. The organic semiconductor, C60 has been brought onto the sample by thermal vapor
deposition. The interesting part in this device is the injection. Under normal conditions without
the gate, there is a high SCHOTTKY barrier that prevents charge injection from source to C60,
therefore only low leakage currents can flow. When a positive gate potential is applied, the
capacitor consisting of gate, source, and the gate dielectric is charged. A negative charge is
present on the source electrode. The authors explain the working mechanism by a band bend-
ing of the semiconductor near the source electrode, resulting from the very thin and rough
source layer. Effectively, the injection is enhanced. I. e. the transistor works by adjusting the
injection barrier at the source electrode with the gate potential. All in all, the transistor reaches
a good on-off-ratio of more than 106 and current densities of 4 A/ cm2 at operation voltages
below 5 V.
The concept has been extended by Ben-Sasson et al. [80] who use an explicit structuring
of the source electrode which then contains small gaps or openings. As the size of the gaps
in the source electrode should be in the range of 100 nm, the patterning process is rather
complex. Using simulations, the operation principle has been studied. The gate electrode can
have an effect on the semiconductor through the openings. Compared to the transistor by Ma
et al., the openings reduce the shielding by the source electrode and the required gate source
capacitance can be lower. Charge carriers are accumulating at the gate dielectric (just like in
a normal OFET) in the gaps and effectively reduce the injection barrier. The presented OSBT
had an on-off-ratio of four orders of magnitude and current densities up to 0.1 mA/ cm2. Thus,
it has a worse DC performance than the device shown by Ma et al., but a lower source gate
capacitance is sufficient which can be beneficial for reaching higher frequencies.
In the work of Liu et al., the metal source electrode has been replaced by a graphene layer
[81]. In principle, the operation mechanism is still the same, relying on the modulation of the
charge carrier injection. In this case, a positive potential at the gate will lead to an increase
of the electron density in the graphene layer, which decreases the graphene work function. A
negative potential at the gate will increase the work function. That way, the SCHOTTKY barrier
and therefore also the current can be controlled by the gate. A current density of 3 A/ cm2
has been shown and as the source gate capacitance could be kept moderate, a unity gain
frequency of 0.4 MHz could be reached.
3.4.2 STEP-EDGE OFET
In 2003, Parashkov et al. presented an organic transistor which can be counted as a Step-
Edge OFET [82]. This is basically a structure, where the current flows vertically from source
to drain along an insulator, and also the gate is partly perpendicular to the substrate. For the
fabrication, a metal contact (drain) is deposited first. This is then covered with an insulating
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photo resist and a second electrode (source). Using lithography, a part of the insulator and
source electrode is removed, so that a part of the bottom electrode (drain) is free, the other
one is covered with the photo resist and the source on top. Then, the organic semiconductor
is deposited and connects the bottom and top electrodes. Afterwards, an insulator and finally
the gate electrode is deposited, resulting in a structure which is basically an OFET that is
oriented along the edge of the structured photo resist, therefore the name Step-Edge OFET.
The advantage of this structure is the easy way to obtain a short channel that corresponds
to the thickness of the photo resist, while the lithographic structuring does not need a high
resolution. While the device was not optimized in terms of performance, i. e. the currents
were rather low (0.1 µA with a channel width of 1 mm and length 2.4 µm) and high voltages
were required (around 30 V), a proof-of-principle has been provided that laid the foundation for
later Step-Edge OFETs.
An alternative fabrication method has been presented by Kudo et al. who have used a nano
imprinting technique [83]. First, a silicon mold is used to imprint an edge into a polymer
(PMMA11) which is already on a substrate (e. g. a polyimide film). Afterwards the gate is
deposited using thermal vapor deposition under a certain angle, so that also the imprinted
edge is covered, followed by the deposition of the insulator and the organic semiconductor. In
the end, the source and drain electrodes are deposited in one step, this time under an angle
from the opposite side, so that the edge is not covered with material but only the top and the
bottom surface. Thus, two disconnected pieces of metal emerge (drain and source), with a
distance corresponding to the height of the edge, in principle. This self-alignment allows sub-
micrometer channel length without high resolution structuring techniques. It should be noted,
that the order of the deposition of the drain and source electrodes and the semiconductor can
also be exchanged. The performance is comparable to the device from Parashkov et al. and
does vary by only 10 % when bending the substrate with the transistor with a radius of 6 mm
[83].
Applications were later demonstrated where the Step-Edge OFET is used in an RFID tag. In
particular it modulates a carrier signal of 13.56 MHz [84]. This frequency, however, does not
represent the speed of the transistor itself. The modulation signal, i. e. the signal applied to
the gate, has been switched at 1 kHz only. The unity gain frequency of the single transistor
was about 4 MHz. Additionally, also the application in a active matrix display pixel has been
demonstrated [84]. In contrast to a conventional, lateral transistor, less space of a pixel is
occupied by the transistor and the OLED area can be larger. Furthermore, the fabrication can
be optimized as the data line and column electrodes can be used as an edge already.
By introducing an additional structuring of the gate electrode, leaving the metal of the gate
only at the edge, Uno et al. were able to reduce the parasitic capacitance significantly [85].
Therefore, the presented Step-Edge OFET with a channel length of 800 nm and DNTT as or-
ganic semiconductor could reach a cut-off frequency of 20 MHz. A mobility of 0.44 cm2/ (Vs)
was measured and an on-off- ratio of more than 107 was shown. One drawback are the still
rather high voltages that are required, making the transistor less suitable for (high current)
driving applications as this would correspond to a large power loss in the transistor.
11Poly(methyl methacrylate)
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3.4.3 VOFET
The Vertical Organic Field Effect Transistor (VOFET) has a similar layer stack compared to the
OSBT, i. e. the gate is at the bottom, a patterned source electrode in the middle, and the drain
is on top. The difference is the presence of a semiconductor layer also below the source
electrode and a source insulator above the contacts of the source electrode in a way, so that
the source electrode and the source insulator have the same lateral structure, i. e. there is
no source insulator in regions where the source electrode has gaps. This structure has been
presented by Nakamura et al. and in addition they inserted a light emitting layer directly beneath
the drain electrode, i. e. a transistor and an OLED are in one device [86]. The insulator above
the source electrode prevents a direct leakage current between source and drain. Thus, the
charge carriers need to be injected into the semiconductor below the source where they can
flow to the gaps in the source layer along the gate insulator and can therefore be controlled
with the gate potential. When arriving at the edge of the source electrode, i. e. reaching the
gaps in the source electrode, the charge carriers can flow vertically towards the drain. In the
case of Nakamura et al., this involves a light emitting layer, resulting in light emission. At an
operation voltage of 8 V (shared by the transistor and OLED parts), a luminance of 400 cd/ m2
was demonstrated, which is approximately the brightness of a display. However, the on-off-
ratio was only around one to two orders of magnitude, i. e. the light could not be switched
off completely. This is likely due to a leakage current through the source insulator or a charge
carrier injection at the side of the source electrode into the gap.
The same transistor structure without the light emission layer and with a slightly different
fabrication was presented by Kleemann et al. There, the source insulator (SiO2) has been sput-
tered instead of evaporated and the source electrode was patterned using photo lithography
instead of shadow masks [87]. An on-off-ratio of 106 and current densities up to 50 mA/ cm2
were reached. With such a performance the VOFET can already be used in applications and
Furno et al. have demonstrated a VOFET driven Active Matrix OLED (AMOLED) display with a
resolution of 100 PPI on a flexible substrate [88]. With a bottom gate setup, a current density
of 500 mA/ cm2 was reached and an on-off-ratio of six orders of magnitude.
Kwon et al. have performed simulations of the VOFET architecture to obtain valuable insights
of the operation mechanism [89]. As found, charge carriers do not flow from source to drain via
the shortest way in the on-state. Instead, they first flow from source downwards to the gate
insulator (i. e. in the opposite direction of the drain location). There, a lateral channel similar to
the channel in a conventional OFET allows charge carriers to flow laterally until they reach the
edge of the patterned source electrode, where they flow upwards to the drain. In principle this
means that the VOFET is just a (lateral) bottom gate, top contact OFET where the source and
drain are in different layers. The advantage, however, is the short (lateral) channel which can be
in the range of the transfer length (plus the width by which the source insulator is broader than
the source electrode) without the need for expensive, high-resolution structuring techniques.
Following these results, approaches for improving the performance are similar to conventional
OFETs. In particular, the mobility in the charge channel could be improved or the injection of
charges from source to the channel. The latter has been investigated by Günther et al. using
two approaches [90]. First, the semiconductor layer below the source has been doped. This
significantly increased the subthreshold slope. The on-off-ratio, however, could be increased
only by 50 %. Probably, the doping was allowing higher leakage currents that were unable to be
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controlled by the gate, so that also the off-state current was increasing. The second approach
was the introduction of a thin dopant layer directly beneath the source electrode. That way,
the on-state current and the transconductance were increased by more than one order of
magnitude while the low off-state currents could be maintained. A drawback, however, is the
slightly worse subthreshold slope that resulted in this case. Despite the transconductance and
the on-off-ratio, the interface doping also had a clear impact on the threshold voltage which
could be shifted by more than 2 V (at an operation voltage of 10 V), i. e. it allows to tune this
parameter according to the requirements given by a certain application.
3.4.4 IGZO DEVICES
Although not organic, devices using oxide semiconductors must also be counted towards
emerging technologies. Several semiconducting oxides have been investigated and one of
the most promising materials for use in transistors is Indium Gallium Zinc Oxide (IGZO) with
mobilities exceeding 10 cm2/ (Vs) [91, 92]. Furthermore, this material is transparent in the visi-
ble range. The structure of the transistor presented by Nomura et al. is very similar to inorganic
MOSFETs, except that no doping has been used. Currents about 0.02 mA were measured at
voltages of about 5 V for a channel length and width of 50 µm and 200 µm, respectively [91].
However, this device had rather large leakage currents, leading to an on-off-ratio of only two to
three orders of magnitude.
It could be improved extremely by Kato et al. who used very pure IGZO films with a reduced
hydrogen concentration [93]. This has been achieved by sputtering the IGZO films with pure Ar
and O2 gases with a water and hydrogen content below 1 ppb. The leakage currents per chan-
nel width of their transistors with a channel length of 3 µm was only 135 yA/ µm and showed
an on-off-ratio of 1014. Such a low leakage current allows this type of transistor to be used in
memories which need to hold a capacitors charge over a long period of time.
Münzenrieder et al. have shown an IGZO transistor that reached a transit frequency of
135 MHz [94]. Therefore, the channel length was reduced down to 500 nm and the parasitic
capacitance between gate and source/drain electrodes has been minimized using a self-align-
ment of the source and drain electrode. For this purpose, the gate with a width of 500 nm
and gate insulator, the semiconductor, and a photoresist have been fabricated on a transparent
substrate. The photoresist is then exposed to light through the substrate, i. e. the gate contact
acts as a mask leading to a self-aligned photoresist exposure. Afterwards, the photoresist is
developed, the source and drain is deposited, and the remaining (unexposed) photoresist is
lifted-off together with the source/drain metal in the channel region, separating the source and
the drain leaving a distance of the gate width. As a flexible substrate was chosen, a bending
radius of 3.5 mm was possible without a drop of the performance [94].
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4 EXPERIMENTAL
After a short introduction of the materials that are used for the fabrication of Organic Permeable
Base Transistors, the sample structure – including the shadow mask setup and processing
parameters – as well as the thermal vapor deposition, which is the method used here, are
described. Afterwards the methods and instruments that are used to characterize the devices
in terms of electrical behavior, morphology, and spectroscopy are presented.
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4.1 MATERIALS AND THEIR PROPERTIES
4.1.1 PENTACENE
Molecular structure and energy levels Pentacene is a planar molecule that consists of five
benzene rings. The structural formula is shown in figure 4.1. The molar mass is 278 g/ mol
Figure 4.1: Structural formula of pentacene.
and the volumetric mass density, which is used to calculate the layer thickness during the
thermal vapor deposition, is 1.32 g/ cm3 [95]. The LUMO of pentacene is at −2.8 eV and the
HOMO, i. e. approximately the energy level of free holes, is at about −5.0 eV [40]. It should
be noted, however, that the orientation of the molecules in the solid can lead to a deviation of
up to 0.75 eV [96]. In comparison, the work functions of gold and aluminum are around 5.1 eV
and 4.0 eV, respectively [40, 97]. This indicates a good match of the FERMI-level in gold and
the HOMO of the pentacene, which is beneficial for a good injection at the emitter. Between
aluminum and pentacene, in contrast, there is an injection barrier which aids the base insulation
to reduce leakage currents from the base to the collector. However, the energy levels can shift
as interface dipoles lead to a jump in the vacuum energy level [40]. Therefore, doping is still
necessary for a good injection.
Morphology Pentacene is a material that grows in a rather rough structure. The morphology
depends on various deposition parameters, e. g. the substrate material and temperature, or the
deposition rate [98, 99]. Also self-assembled monolayers, as usually used in organic field effect
transistors, can affect the growth of the pentacene and its mobility [27]. Investigations of the
growth of pentacene on silicon dioxide at different substrate temperatures and deposition rates
show, that pentacene does not grow in a closed layer at higher substrate temperatures but
instead forms discrete islands [100]. This reduces the mobility significantly, as the transport
between the disconnected islands is hindered. Also the deposition rate has an impact: For
small rates, the feature sizes are larger and also the mobility is higher. Usually, e. g. on gold,
pentacene grows in a herringbone structure [27]. The long axis of the pentacene molecule
stands almost upright on the substrate. By annealing pentacene after the deposition, the
mobility of the holes can be increased as long as the temperature is not too high. Already
at temperatures above 50 ◦C the morphology of the pentacene can change towards smaller
structures and grain sizes, leading to a reduction of the charge carrier mobility [101]. This
relation between the size of the grains and the mobility can be explained by the low orbital
overlap at grain boundaries and therefore the low hopping probabilities. The smaller the grain
size, the more such unfavorable jumps between grains are necessary. All in all this leads to an
effective reduction of the mobility.
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Charge transport and doping Due to the herringbone structure with the upright arranged
pentacene molecules, the mobility in the vertical direction is very small [28]. For organic field
effect transistors, this does not matter as the charge transport in these devices is in the plane
which is parallel to the substrate. Additionally, the mobility is enhanced due to the high charge
carrier density in the channel and high electric fields [38, 102]. For pentacene single crystals,
lateral mobilities from 0.66 cm2/ (Vs) to 2.3 cm2/ (Vs) have been measured, depending on the
direction [29].
When evaporating pentacene on a polycrystalline gold surface using thermal vapor deposi-
tion, the pentacene does not grow as a single crystal. Instead, grains with a slightly different
orientation of the pentacene molecules are formed [27]. Even though charge carriers cannot
flow directly in the direction along the long axis of the pentacene molecules, a zig-zag path
between differently oriented grains is possible, resulting in an effective vertical mobility. Obvi-
ously, this mobility will be smaller compared to the lateral one. However, it is still large enough
for electronic devices and only one to two orders of magnitude below the lateral field-effect
mobility [103].
As many organic semiconductors, pentacene is prone to degradation in air. Especially the
simultaneous exposure to water (vapor), oxygen, and light leads to a strong degradation and
significant reduction of the performance of pentacene devices [104]. In order to prevent this,
devices based on pentacene need to be encapsulated under an inert nitrogen atmosphere. For
the improvement of the injection of charge carriers, doping is important, as already mentioned.
Therefore, materials like F4TCNQ or F6TCNNQ can be used [87]. Additionally, the conductivity
of the semiconductor is improved.
4.1.2 F6TCNNQ
As a p-dopant, 2,2’-(perfluoro-naphthalene-2,6-diylidene)dimalononitrile (F6TCNNQ) is used.
This is a highly fluorinated naphtalene derivate, the structural formula is shown in figure 4.2.
The electron affinity is 5.0 eV [105]. This corresponds to the ionization energy of pentacene
CN
CN
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F
F
F
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Figure 4.2: Structural formula of F6TCNNQ.
and therefore F6TCNNQ is well suited as a p-dopant for pentacene, as electrons from the
HOMO of the pentacene can get to the LUMO of the dopant easily (cf. section 2.1.4). For
a doping concentration of 2 wt-%, the conductivity reaches about 100 mS/ cm which is about
three orders of magnitude higher compared to intrinsic pentacene (0.1 mS/ cm) [87]. A higher
doping concentration does not increase the conductivity any further as the dopant molecules
distort the structure of the polycrystalline pentacene. This leads to a significant decrease of
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the mobility and therefore also the conductivity drops, resulting in the opposite of the desired
effect [87].
4.1.3 ALUMINUM OXIDE
Aluminum is very useful for the OPBT. It is used for all three electrodes. At emitter and col-
lector, it is used primarily to obtain a thicker electrode and therefore reduce the resistance
without having to use thick layers of expensive metals. The resistivity of pure aluminum is
2.65 · 10−8Ωm [106]. In thin layers, however, a different value from the bulk resistivity can be
expected [107]. The density of aluminum is 2.7 g/ cm2 [108]. Additionally, aluminum that is
deposited using thermal vapor deposition sticks very well to the glass substrate, making this
material the ideal choice for the electrode conductivity enhancement.
Oxidation When used as the base electrode, aluminum has another very advantageous prop-
erty. The surface of the aluminum oxidizes when it is exposed to oxygen (or air). This creates an
insulating layer around the metal which is exactly what is needed for the base electrode of the
OPBT. The very valuable property of the aluminum oxidation is the self-passivating character of
this process. The oxidized layer protects the material beneath it and does not allow a further
oxidation process, or at least slows it down extremely. That way an amorphous aluminum
oxide layer with a uniform thickness of about 2 nm to 3 nm is formed [109]. This oxide growth
depends on the temperature. At higher temperatures, the resulting oxide thickness is larger
and a second oxidation stage can occur, that increases the thickness further [110]. However,
this is outside the temperature range that can be used together with organic materials.
The dielectric constant of aluminum oxide is about 9, resulting in a capacitance per area of
a thin aluminum oxide layer of 2.5 µF/ cm2 [111]. Aluminum oxide can withstand large electric
fields. The breakdown field strength is above 5 MV/ cm [112]. This means, even a 2 nm thick
layer can have a voltage drop in the order of 1 V, which is exactly in the voltage range of
the operation of the OPBT. If not exposed to pure oxygen but ambient air instead, also the
water vapor participates in the oxidation process of the aluminum. Therefore, not only Al2O3 is
formed, but also aluminum hydroxide Al(OH)3. Depending on the humidity, the resulting native
aluminum oxide layer is a mixture of both components which can also change with the depth
of the layer. Especially the outer layers have a strong Al(OH)3 contribution and even hydroxyl
groups at the surface [113]. As the exact composition of the oxide and hydroxide layer is
unknown and may vary depending on the humidity, it is often denoted as AlOx. In this work,
this composite is meant when speaking of (native) aluminum oxide. Its dielectric constant does
not have a well defined value and can be anything as low as 4.5 up to the dielectric constant
of Al2O3 [114]. The breakdown field strength is also in the range of 5 MV/ cm and even above
for very thin layers [114].
Tunneling The native aluminum oxide layer is not a perfect insulator. Instead, leakage cur-
rents are present. These arise from the tunneling of charge carriers through the continuous
metal oxide, resulting in an OHMic behavior at very low voltages and an exponential increase
at higher voltages [115]. A discontinuous oxide layer or thin metal shortcuts can be excluded
due to the rectifying behavior [116]. The energy barrier between aluminum and Al2O3 is usu-
ally around 2 eV [117]. When using a copper (Cu) contact, the energy barrier can also be very
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low. Experiments have shown values of 1 eV [118]. For a lead (Pb) contact, in contrast, energy
barriers above 5 eV have been observed [119].
A calculation or prediction of the tunneling currents is not possible for various reasons.
Firstly, the exact barrier heights are not known. Although the Al−Al2O3 junction has usually
an energy barrier of around 2 V, this value can vary by an order of magnitude when the in-
sulator is replaced by a native aluminum oxide AlOx [114]. Secondly, the barrier height also
depends on the thickness of the insulator. The higher the oxide thickness, the higher is the
energy barrier [120]. These two issues also affect the effective mass of a charge carrier in
the oxide, which has an impact on the tunneling process. And thirdly, the requirements for
the WKB approximation1 for the tunneling are violated at larger electric fields as the potential
energy must not vary too strong within the DE-BROGLIE-wavelength [62]. As a consequence,
the tunneling through the insulator will not be calculated based on material parameters, but
instead it will be fitted in section 5.6 to the measured IV-curves resulting in an effective barrier
height.
4.2 FABRICATION
4.2.1 THERMAL VAPOR DEPOSITION
The principle of the thermal vapor deposition of thin layers of small molecule materials – as
used for the sample fabrication in this work – is schematically shown in figure 4.3. The mate-
rial that shall be evaporated, e. g. an organic semiconductor or a metal, is placed in a crucible
(e. g. in the form of powder, or metal sticks) which is then heated electrically. At sufficiently
high temperatures, molecules (or atoms in the case of a metal) can detach from the surface of
the solid and transition into the gaseous phase. This process is usually called the evaporation
of the material. In the evaporation chamber, there is a base pressure of 10−7 mbar or below.
The material vapor can therefore move towards the substrate without collisions or chemical re-
actions with other particles in the chamber. As the temperature of the substrate (usually room
temperature) is clearly below the melting point or sublimation temperature of the evaporated
material, the molecules or atoms are deposited onto the substrate, or other already deposited
layers.
The measurement of the thickness of the deposited material is realized using a quartz crys-
tal. This is positioned in the vacuum chamber in a way so that the material vapor also gets
deposited on the quartz crystal. The additional mass of the deposited material leads to a pro-
portional shift of the resonance frequency of the quartz crystal to lower frequencies [121].
A monitoring of the resonance frequency allows to use the change to calculate the mass of
the deposited material per area of the quartz crystal, therefore it is commonly called a quartz
crystal microbalance (QCM). Together with the volumetric mass density ρ, the mass per area
can be used to calculate the thickness of the deposited material. Strictly speaking, this is just
the thickness of the material that has been deposited onto the QCM, not onto the substrate.
Therefore, an additional correction factor has to be included which depends on the exact geom-
etry in the vacuum chamber. This factor is determined experimentally each time the geometry
in the vacuum chamber might have changed, i. e. when replacing parts or refilling the material.
1The WKB approximation, named after WENTZEL, KRAMERS, BRILLOUIN, is a method for approximately solving the
SCHRÖDINGER-equation for problems like tunneling.
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Figure 4.3: Vacuum chamber for thermal vapor deposition. By heating the crucible, the con-
tained material will sublimate and be deposited onto the substrate, among others.
The mask allows a lateral structuring of the deposited layer. The quartz crystal and
the monitoring of its resonance frequency allows to measure the mass and calcu-
late the thickness of the deposited material. The material flow to the substrate can
be stopped using a shutter.
It should be noted as well that the thickness might deviate from the real thickness, especially
for materials that show a very rough surface.
Another important parameter is the deposition rate, i. e. the deposited thickness per unit
time. For pentacene this can have an impact on the morphology and also on the electrical
properties of the built device. The deposition rate can be controlled with the temperature of the
crucible, which itself is adjusted with a combination of electrical heating and water cooling. For
the evaporation of metals, the electrical current required for the heating is measured instead
of the temperature, due to the high evaporation temperatures required for metals.
Inside the vacuum chamber, there is a shutter which can completely block or allow a material
flow towards the substrate. This is useful during the heating and adjustment of the desired rate
in order to avoid a deposition of material with wrong deposition parameters and also allows a
very precise control of the layer thickness, as closing the shutter is possible in a fraction of a
second while the material is still evaporating for a few more minutes. The lateral structuring of
the layers is realized with shadow masks. These are placed directly next to the substrate, so
that only the areas that are left open in the mask will be covered on the substrate. This mask
should be as close to the substrate as possible in order to reduce the impact of the partial
shade behind the mask.
For the doping of small molecule semiconductors, matrix molecules and dopant molecules
need to be evaporated simultaneously (cf. section 2.1.4). Therefore, at least two crucibles are
required in the vacuum chamber, one with the matrix semiconductor and one with the dopant.
Additionally, two QCMs are required and need to be placed so that each QCM can be reached
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by the vapor of only one material. This allows to measure the deposition rate of matrix material
and dopant independently and control it with the temperature of the corresponding crucible.
The doping concentration can then be given as the weight percentage (wt-%), i. e. the mass of
the dopant molecules in relation to the total mass of this layer.
4.2.2 CHAMBER DETAILS AND PROCESSING PROCEDURE
Vacuum chamber The tool that has been used to fabricate the OPBTs shown in this work
is a vacuum chamber from “Kurt J. Lesker Company”. This apparatus is capable of depositing
material onto large substrates with a size of 6” × 6” in a single run. Afterwards, the substrate
may be cut into 6 × 6 single square samples with an edge length of one inch each. The
evaporation process is done in a single chamber for all layers. All materials that are required for
the processing of a device (metals, semiconductors, dopants) are in crucibles in that chamber.
This does not only allow doping of organic semiconductors using co-evaporation, but also the
simultaneous deposition of metal and organic molecules is possible. The amount of crucibles
in the vacuum chamber requires them to be distributed and also the large area of the substrate
leads to a asymmetry in the chamber geometry. In order to still allow homogeneous layers, the
substrate is rotated, so that the position of the crucible for a certain material does not matter
any longer. However, this rotation can also lead to a problem. As the mask is not in direct
contact with the substrate but has a distance of about 1 mm, there is a partial shade region
behind the mask that prevents sharp edges of the deposited material. The rotation effectively
increases this partial shade and the edge region is much broader. For layers where a well
defined area is more important than an accurate layer thickness (e. g. electrodes or insulators
that are used for lateral structuring only), the substrate rotation can be turned off.
A significant advantage of the simultaneous deposition onto a large substrate resulting in
multiple single samples is the comparability. The tool allows to vary parameters in certain
rows or columns. E. g. the thickness could be chosen differently for each row and the material
or doping could be changed between the different columns. Technically this is achieved by
inserting a shutter from one side that covers only a part of the substrate. By moving the shutter
out step-by-step, different layer thicknesses can be realized. All other layers which shall be
common for all samples on the large substrate are deposited with a completely open shutter
and therefore are identical on all single samples. Thus, samples that have been processed
on one such large substrate can be compared to each other easily and a difference in the
characteristics of the devices can be safely assigned to the effect of the varied parameter.
Fabrication steps Before the actual thermal vapor deposition, the glass substrate is cleaned
consecutively using acetone, ethanol, and isopropanol in an ultrasonic bath and dried under a
nitrogen flow afterwards. The substrate is then mounted onto a sample holder and brought into
a chamber with nitrogen atmosphere first and from there into the vacuum chamber. The evap-
oration is then done layer-by-layer as described in the previous section. After the deposition of
the aluminum base layer, the samples are taken out of the vacuum chamber and are exposed to
air for an oxidation process for 15 minutes. The remaining layers are deposited in the vacuum
chamber again. When the deposition of all layers has been finished, the sample is brought from
the vacuum chamber directly into the chamber with the nitrogen atmosphere, without any air
exposure in between. There, the samples are encapsulated by gluing an appropriately shaped
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glass with epoxy adhesive onto the substrate so that the organic semiconductor is protected
from environmental influences and only the metal electrodes reach outside the encapsulation.
4.2.3 SAMPLE STRUCTURE
The principle vertical structure of an OPBT has already been introduced in section 2.2.1. This
section focuses on the experimental details. The sample structure and the fabrication param-
eters will be given for a standard layer stack of a p-type OPBT based on pentacene, as it was
used in most of the experiments that are discussed in this work. Obviously, comprehensive
studies require parameter variations like devices with different layer thicknesses. Therefore,
the layer stack needs to be modified for certain experiments, which will be noted during the
discussion of the results.
Standard layer stack The first layer that is deposited onto the substrate, i. e. the bottom
electrode, is an aluminum layer with a thickness of 100 nm followed by a 20 nm thick layer of
gold. In order to keep the electrode resistances R of emitter and collector contacts small, the
thickness d of those electrodes should be sufficiently thick according to the relation
R ∼ 1
d
. (4.1)
In order to keep the consumption of gold low, the cheaper aluminum is used to make the
electrode thick to achieve a good conductivity. The gold cannot be replaced completely and
is necessary to improve the device performance, as shown in section 7.3. Afterwards the
p-doped (1 wt-% F6TCNNQ) pentacene layer (50 nm), that is important for the hole injection,
is deposited, followed by the intrinsic pentacene layer (200 nm). The deposition rate of the
pentacene is adjusted to 0.2 nm/ s. The thickness of the pentacene layer needs to be thick
enough to avoid electrical shortcuts between the electrodes, despite the rather rough growth
of the pentacene. For the base layer, 15 nm of aluminum is deposited at a rate of 0.1 nm/ s. The
base layer must not be too thick as this would prevent charge carriers from being transmitted
through the base layer. A minimum thickness is still required, however, as the base needs to be
at least conductive, even after the oxidation. Outside of the active area, the base electrode is
supported by an additional 50 nm layer of aluminum in order to reduce the electrode resistance.
After the processing of the base layer, the substrate with all the layers that have already been
deposited are taken out of the vacuum chamber and are exposed to air for 15 minutes in the
dark. The aluminum reacts with the oxygen and water in the air and the required insulating
aluminum oxide is forming around the base electrode. After bringing the substrate back into
the vacuum chamber, the upper layers of the OPBT are deposited with the same parameters
as their corresponding layers in the bottom part, giving the OPBT the symmetric structure as
shown in figure 2.6.
Lateral structure For the electrical measurements, the three electrodes of the OPBT need to
be contacted separately. Therefore, a different lateral layout is necessary. The shadow masks
that are used for a single sample (with an edge length of one inch) are shown in figure 4.4. At
the region where all three electrodes overlap, the active area of an OPBT is created, which is
a square with an area of 4 mm2. On a single substrate, there are four OPBTs in the end. The
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Figure 4.4: Shape and arrangement of the shadow masks that are used during evaporation for
the OPBT with an active area of 2 mm times 2 mm. Every sample contains four
OPBTs where the top contact (red) and the bottom contact (blue) overlap. The
base contact (black) is slightly larger than the OPBT active area.
base and the bottom electrode can be contacted separately for each OPBT, the top contact
is the same electrode for all four devices. The organic semiconductor layers are deposited in
a rectangular area that covers the active areas of all four devices. Regions with an overlap
of the top and the bottom electrode only will lead to a leakage current between emitter and
collector which cannot be controlled with the base potentials. Therefore, such a scenario must
be avoided. In order to make sure, that the base electrode is present always where top and
bottom electrode overlap, the base electrode area is designed slightly larger to compensate
also for inaccuracies when aligning the shadow masks.
Vibrations arising from the vacuum pumps can lead to a shift of the position of the shadow
masks as the system was designed for large-area devices like Organic Light Emitting Diodes
in the beginning and not for high accuracy. Therefore, leakage currents can occur despite the
larger base electrode and these can also vary for OPBTs unless they have been processed on
the same substrate in a single run. Not only a misalignment of the base electrode leads to
a different behavior of the transistor. Also a missing collector electrode in a region can affect
the current gain. Obviously, charge carriers that are transmitted through the base cannot reach
the collector if there is no collector electrode in this area. A workaround will be discussed in
section 7.6.1, when this effect becomes the performance limiting factor.
4.3 CHARACTERIZATION METHODS AND TOOLS
4.3.1 ELECTRICAL CHARACTERIZATION
The investigation of the DC behavior of the OPBTs is performed using a Keithley 4200-SCS
Semiconductor Characterization System which is equipped with three source measurement
units (SMUs). Each SMU can be used either as a voltage or a current source and does simulta-
neously measure current and voltage to a common potential (ground). Each SMU is connected
to one of the three electrodes of the OPBT. That way, the transistor can be driven versatilely
and the IV-curves that are measured in different procedures allow a comprehensive DC char-
acterization of the OPBT without the need for further external components.
The characterization of the SCHOTTKY diodes between base and one of the outer electrodes
is realized by applying a voltage between the corresponding contacts and measuring the cur-
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rent. The third electrode is disconnected for this measurement or the SMU that is connected
to this electrode is set to a current of 0 A. This measurement is performed for a range of volt-
ages, usually between −3 V and 3 V, finally resulting in an IV-curve. The voltage can be varied
from negative to positive voltages and the other way round. When both curves agree with
each other, a hysteresis can be excluded.
For the characterization of the transistor behavior, all three electrodes will be used. This al-
lows for numerous measurement procedures. The most important and commonly used ones
employ the transistor in the common emitter configuration, as shown in figure 4.5. Here, the
VCE VBE
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Figure 4.5: Common emitter circuit for electrical OPBT characterization, equivalent to the con-
trol of the SMUs of the Semiconductor Characterization System. The base-emit-
ter voltage can be varied at fixed collector-emitter voltages (base sweep, transfer
curve) or the collector-emitter voltage is varied for fixed base-emitter voltages (out-
put characteristics).
emitter potential is defined as 0 V. This is realized by setting the SMU that is connected to the
emitter to 0 V, i. e. it basically measures the current only. All other potentials and voltages are
measured with respect to the emitter. Now, a fixed potential can be applied to the collector.
For p-type OPBTs, this is a negative potential, for n-type OPBTs, it is a positive potential. The
currents at all three electrodes can be measured while the base potential is varied between
emitter and collector potential (or even slightly outside the range of emitter to collector). The
resulting characteristic is the transfer curve or base sweep. In order to obtain the output char-
acteristics, various fixed base potentials are applied (also in the common emitter configuration)
and the collector current is measured in dependence of collector potential. The output charac-
teristics are particularly important when it comes to the application in circuits, like finding the
operation point, or when using the transistor in circuit simulations.
Impedance measurements of the two diodes which allow to calculate the capacitance are
carried out using a Hewlett Packard 4284A Precision LCR Meter. A bias voltage is applied to
one of the diodes and a sinusoidal signal with a small amplitude 20 mV is superimposed. The
measured AC part of the current yields the phase and amplitude of the impedance which allows
to calculate the OHMic resistance and the capacitive resistance and thus also the capacitance
(under the assumption that no inductive behavior is present). It is possible to measure the
impedance in dependence of the frequency for fixed bias voltages and in dependence of the
bias voltage for a fixed frequency.
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4.3.2 MORPHOLOGY
Investigations of the morphology are particularly interesting for the base. This allows to analyze
the presence of openings in the base layer which are necessary for the transmission of charge
carriers. The investigation of the base layer in the complete OPBT stack is not directly possible
as the thin base is embedded between rather thick layers of semiconductor and the bottom
and top electrode. Surfaces, however, can be analyzed more easily. As the morphology of a
certain layer does mainly depend on the layers beneath it but not the layers that are evapo-
rated afterwards, it is sufficient to build only half an OPBT, i. e. the fabrication is stopped after
the aluminum base layer. Similarly interesting is the investigation of the semiconductor layer
directly beneath the base to analyze its impact on the base structure. In order to ensure the
comparability of the morphology investigation, all samples with their variations are fabricated
on one substrate in a single run.
The imaging of the base surface itself is done using a scanning electron microscope (SEM)
Zeiss DSM 982 Gemini. Electrons are accelerated in a vacuum with a voltage of 8 kV and
focused onto a point on the sample. The interaction of those primary electrons with the sample
results in the emission of secondary electrons that are gathered and captured by a detector.
Other signals than the secondary electrons could be provided by the SEM as well but were
not of interest here and therefore ignored. By scanning the sample with the focused primary
electron beam, an image can be created of the sample. It should be noted, however, that the
contrast in the image does not provide details about the depths of the structure but instead
arises from angle of the surface of the irradiated piece of material.
Without further precautionary measures, the electrons would charge up the sample, leading
to a deflection of other electrons and therefore a distortion of the resulting image In order to
avoid this effect, the sample needs to be conductive – which is the case in a semiconductor
transistor – to allow electrons to be transported away. Only the glass substrate, which is not
conductive, needs a certain preparation. Liquid silver is used to establish a connection between
the sample electrodes and a copper cable that is grounded. Furthermore, the samples are also
exposed to air, as it is done with normal OPBTs as well.
4.3.3 XPS
X-ray photoelectron spectroscopy (XPS) allows to investigate which materials a substance con-
tains. Atoms as well as their chemical state can be identified which allows for a conclusion
about the chemical bonds of the atoms. The analysis has to be done under ultra high vacuum
conditions or at least a high vacuum with a pressure below 10−8 mbar.
The sample in the vacuum chamber is irradiated with an x-ray beam of photons with a well de-
fined energy. The photons of the characteristic Al Kα spectral line have an energy of 1486.7 eV.
Those can penetrate the surface of the sample up to a few nanometers. These photons can
dislodge electrons that are bound to an atom with a binding energy below the photon energy,
according to the photoelectric effect. The excess energy that is not required to free the elec-
tron, contributes to the kinetic energy of the electron. Thus, the difference of the photon
energy and the kinetic energy of the free electron is the binding energy. Under that x-ray
irradiation, each element will emit electrons with a characteristic set of kinetic energies that
correspond to the binding energies of the electrons in the filled orbitals of the atom. A detector
in the vacuum chamber can then count the number of electrons for each kinetic energy over the
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whole spectrum from an energy of zero up to the initial photon energy (survey spectrum). As
the initial photon energy is known, the binding energy can be calculated and used for plotting
the counts of electrons corresponding to that binding energy. The high vacuum is necessary to
get an accurate result in terms of counts and binding energy. Technically, the energy still needs
to be corrected for the work function of the detector itself. However, this value is a constant of
the measurement system and does not need to be determined for every experiment. A further
shift of the spectrum, that depends on the sample, can result from surface charges or dipoles.
It should be noted as well that the number of counts does not represent the distribution of
the different elements. For a quantitative material analysis, sensitivity factors would have to
be included. In order to investigate, which elements are present in the sample irrespective of
their amount, it is sufficient to identify the peaks in the survey spectrum and assign them to
certain elements and orbitals (or chemical states) using a database.
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5 SIMULATIONS ANDWORKING
MECHANISM
The investigation of the OPBT operation is important in order to understand the most promis-
ing parameters for further device optimization. Furthermore, a detailed understanding of the
operation mechanism helps to generate an analytical description, helpful for compact model-
ing and scaling of the device. In this chapter, first the model and solving methods for the
simulation are introduced. Then, a qualitative view on the working mechanism is established,
providing the basic concepts of the OPBT. Further sections dive into detail on the important
processes and their influence on the OPBT characteristics. Additionally, the base leakage cur-
rent as a parasitic effect is covered, an analytical description for the device operation will be
given, and an application relevant view on the device in terms of the output characteristics will
be provided. The final section in this chapter summarizes the most important findings, giving
a short overview on the most relevant aspects of the operation mechanism of an OPBT.
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5.1 SIMULATION SETUP
5.1.1 OVERVIEW
The device structure of the OPBT with its permeable base in the middle was introduced in
1994 [5]. The operation mechanism of OPBTs, however, has not been understood in full detail
until now.
Different suggestions for the transmission of charge carriers through the base electrode
came up. According to the hot-carrier mechanism, charge carriers that come from the emitter
semiconductor do not relax down to the transport level of the base electrode. Instead, they
remain at a higher energy, thus being able to be re-injected into the collector semiconductor
without the need to overcome a large energy barrier [51]. However, there are experiments
which contradict that idea and propose a mechanism based on nano-sized openings in the
base layer [49]. Therefore, the base can be understood as a grid-like electrode, and charge
carriers can pass, depending on the applied base potential that modulates the potential in the
openings and thus the energy barrier for the charge carriers.
Based on those experiments, the operation mechanism is investigated with simulations us-
ing a perforated base electrode. For inorganic PBTs, simulations have been performed by
Bozler and Alley in 1980 [122]. They modeled a device made of GaAs where the base is not
surrounded by an insulator, but exposes a SCHOTTKY barrier. This approach leads to large base
currents for higher voltages, thus making observations in that regime impossible. Chen et
al. have published results from a simulation of an organic PBT-like structure [123]. However,
they focused on different aspects and mainly discuss the dependence on the operation volt-
age rather than the base potential. The different materials chosen for emitter and collector
lead to a built-in voltage, so different mechanisms interfere with each other, making it difficult
to investigate the pure processes in the transport regime. Additionally, they have chosen to
use openings with 20 nm in size. Therefore, those results are not applicable to structures that
have an opening size in the range of a few nm only, as present in high performance OPBTs
that are fabricated with a self-structuring annealing process [56, 71]. Compared to the size of
the openings with a radius of 2 nm, the mean distance between two openings is rather large,
approximately 50 nm [50]. This is another important difference to the structure modeled by
Chen et al. and significantly changes the argumentation required for discussing the operation
mechanism.
An essential point that needs to be addressed is the question how charge carriers far away
from the next opening behave and how the small openings can transport such a high current,
reaching overall current densities above 10 A/ cm2 [56].
5.1.2 OPBT MODEL
Geometry The vertical structure of the OPBT is given by the concept of the OPBT as de-
scribed in section 2.2.1, i. e. a layer stack consisting of n-doped and intrinsic C60, contacted by
metal electrodes (cf. figure 5.1). Here, the electrodes are not directly part of the drift-diffusion
simulation. Instead, they are included by appropriately chosen boundary conditions at the in-
terface. For emitter and collector this means that the rate of the OHMIC charge carrier injection
and extraction is defined by the electric potential of the electrode and the semiconductor at
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the interface. At the base, only the electric potential is affected, as the surrounding insulator is
assumed to be ideal and no current is allowed to flow into or out of the base.
Emitter
Collector
Base
n-C60
n-C60
i-C60
i-C60
15 nm
25 nm
20 nm
20 nm
100 nm
100 nm
2 nm
Insulator
around Base
Figure 5.1: Left: Schematic structure of an OPBT. Right: Pie-slice (2.5◦) unit cell volume used
for simulation (cf. orange section on the left). The base insulation is shown in blue,
the opening is at the tip of the pie-slice, left of the insulator. The given dimensions
are the default values used in the simulation unless geometry variations are inves-
tigated. The default opening radius is r = 2 nm. The electrodes themselves are not
part of the simulated volume (see text).
In lateral direction, the structure of the base and the openings is relevant, all other layers
do not have a lateral structure. In this model, the openings are cylinders with the height of
the base layer thickness and a radius r . They are arranged in a regular, hexagonal structure, as
shown in the top view in figure 5.2a. A simple simulation in 2D is not possible, as this would
lead to the openings behaving like long stripes rather than circular holes. Instead, a full 3D
drift-diffusion simulation has to be performed.
Nevertheless, a few simplifications can be made in order to keep the computation efficient.
It is sufficient to focus on one opening and the surrounding area, i. e. a particular opening is
chosen and all points whose nearest opening is that chosen one. In more simple words, only an
imaginary hexagonal prism around one opening is considered. Due to the regular arrangement
of the openings, the symmetry of the problem requires to include boundary conditions so that
there are no currents through the side faces of the prism and the isolines of electric potential
and charge carrier density must be perpendicular to the side faces of the prism.
The hexagonal prism can be further simplified to a cylinder. This simplification neglects
that other openings are not rings around the simulated opening, i. e. that the distance to the
next opening is not independent of the direction in a real device. However, such a difference
between simulation and experiment was already introduced by assuming a regular opening
arrangement in the first place. This difference could manifest itself in minor deviations or
smoother transitions between operating regimes in the device characteristic, but is not ex-
pected to cause relevant quantitative or even qualitative changes. Using the circular symmetry,
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(a) Top view (b) Mesh in side view
Figure 5.2: (a) Top view of the base layer modeled with cylindrical openings (white) arranged
in a hexagonal pattern. The unit cell for simulation is indicated with an orange
line. (b) Section of the mesh in vicinity of the base used for discretization. The
insulator region is colored in blue, C60 in yellow. The base is only included via
boundary conditions and not part of the mesh. The density of discretization points
is highest near interfaces, where large variations of electric field and potential can
be expected.
a further reduction of the volume that needs to be simulated can be reached by considering
only a pie-slice of that cylinder as a unit cell for simulation, as shown in figure 5.1 and in the
top view in figure 5.2a.
Parameters The dimensions used are shown in figure 5.1 (left). The default value for the
opening radius is 2 nm [50]. It is apparent that the OPBT model contains features with dif-
ferent length scales in size. On the one hand, there are small structures like the openings
which have a size in the range of a few nm, and on the other hand larger structures like the
intrinsic semiconductor layers with a thickness of 100 nm. Therefore, the discretization grid
is adapted to those features. Close to interfaces or at regions of interest – e. g. around the
base – the density of discretization points is rather high, as large gradients in electron density
or electric potential might occur in those regions (cf. figure 5.2b). In total, the grid consists of
approximately 15000 nodes.
A relative permittivity of 4.0, as well as an electron mobility of 0.1 cm2/ (Vs) is used for the
organic semiconductor C60 [124, 125]. That value agrees with the results that will be discussed
later in section 6.2, but in order to understand the chosen structure, results obtained from the
simulations are beneficial. Higher mobilities can be found in literature, however those mainly
refer to field effect mobilities that appear in a highly accumulated charge channel in field effect
transistors and as such are enhanced due to the mobility dependence on the charge carrier
concentration [38, 102]. For this simulation, however, the constant value of 0.1 cm2/ (Vs) is
assumed, which correctly describes the bulk transport of C60. As discussed later in section
5.4.1, the increase of the mobility with charge carrier concentration does not play a major role
for the device operation.
The doping concentration for the n-doped C60 layers is 10
18 cm−3. As there is a doped layer
at the emitter, but not at the base, the shift of the FERMI-level results in a built-in voltage
between emitter and base of 0.6 V, defined by the voltage drop between emitter and base in
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equilibrium. There is also an n-doped layer at the collector, so the layer stack is symmetric and
there is no effective built-in voltage between emitter and collector. Additionally, the symmetric
structure allows to exchange the roles of emitter and collector, simply by changing the applied
potentials.
5.1.3 DRIFT-DIFFUSION SOLVER
The mesh generation and drift-diffusion simulation have been done by Dr. Duy Hai Doan and Dr.
Klaus Gärtner at the Weierstrass Institute for Applied Analysis and Stochastics Berlin (WIAS).
The development of the numerical solver is not part of this work, hence only a short overview
shall be given in this section according to [78].
As the n-doped injection layers at the outer contacts do not support hole injection and also
the base cannot inject charge carriers due to the insulator, the charge transport in the OPBT
is realized by electrons (in case of C60 as semiconductor) only. Thus, holes and recombination
do not need to be considered here. Therefore, a unipolar system is sufficient, consisting of
drift-diffusion equations while obeying the POISSON equation [78, 126]. Hence, the current can
be written as
j⃗n = j⃗drift + j⃗diffusion
j⃗drift = −qµnn∇⃗ϕ
j⃗diffusion = +qDn∇⃗n , (5.1)
where µn is the electron mobility. The diffusion coefficient Dn is obtained by the EINSTEIN
relation, Dn = µnkBT/ q [30]. The POISSON equation is solved on the whole simulation domain
whereas the drift-diffusion equation is considered in C60 only. The boundary conditions at
the emitter and collector contacts correspond to OHMIC contacts, i. e. the potential is given
by the contact voltage (plus the built-in voltage) and the charge carrier density is fixed to the
equilibrium charge carrier concentration. The base contact is realized by an insulating gate-
like contact defined by the applied voltage at the metal-insulator interface only. The freedom
of choosing the potential offset in the semiconductor is used so that the electric potential
of an electron in the intrinsic semiconductor is ϕ = 0 V for VBE = 0 V and VCE = 0 V. Due
to the doped layers at the outer contacts, the built-in potential needs to be considered, i. e.
the semiconductor potential at the emitter will always be fixed at the built-in voltage ϕE =
Vbuilt−in = 0.6 V, the collector semiconductor will be at built-in voltage plus operation voltage
ϕC = Vbuilt−in + VCE and the electric potential of an electron in front of the base corresponds to
the applied base-emitter voltage plus the voltage drop across the insulator ϕB = VBE + Vinsulator.
The drift-diffusion equation and POISSON equation are solved self-consistently using the
WIAS software Oskar3 [127] which is based on a finite-volume approach in combination with
the SCHARFETTER-GUMMEL scheme [128].
The 3D electronic simulations carried out provide spatially resolved data on electric potential
and charge carrier density, allowing for an in-depth study of the device operation as well as the
extraction of IV-characteristics.
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5.1.4 POST-PROCESSING OF SIMULATION DATA
Quantity dimensions As the numerical drift-diffusion-simulation uses dimensionless quanti-
ties, those need to be converted into physical units afterwards. In order to interpret the the
simulation data and the operation mechanism, the electric potential as well as the charge car-
rier density at all nodes of the mesh are relevant. The electric potential ϕi at node i can be
obtained by using the equation
ϕi =
kBT
e
· fϕ,i =
1
39.6
V · fϕ,i , (5.2)
where fϕ,i is the electric potential in multiples of the thermal voltage, as extracted from the
simulation data. The internal charge carrier density fn,i is normalized to the intrinsic electron
density in silicon nSi,0 = 1010 cm−3 [129], therefore the electron density ni is
ni = nSi,0 · fn,i = 1010 cm−3 · fn,i . (5.3)
Profile extraction A visualization in 2D of a physical quantity that is given in 3D might be suit-
able for an overview, but will always involve a loss of information. To get a detailed insight into
the device, also the behavior along a well-chosen, one dimensional profile, e. g. through one
opening, will be beneficial. As there might be no nodes along the desired profile, an interpola-
tion is necessary. The easiest option is to simply interpolate by considering the nearest node
only. This approach, however, will give artifacts at interfaces and kinks leading to discontinuities
in derivatives and therefore also in the calculated current.
A more precise approach involves triangulation. Therefore, the mesh is partitioned into tetra-
hedrons obeying certain requirements. In particular, the circumscribed sphere of each tetra-
hedron must not contain any further inner nodes (DELAUNAY-triangulation) [130]. This ensures
that the tetrahedrons have rather large internal angles and are not stretched unnecessarily,
thus providing better results. The interpolation of any point P uses the values of the 4 ver-
tices corresponding to the surrounding tetrahedron, whereas each vertex is weighted with the
barycentric coordinates of the point P within the tetrahedron.
Current density The simulation data does not contain the current density. However, drift and
diffusion currents can be calculated from the electric potential and electron density (equation
(5.1)). This approach leads to artifacts close to the interface between semiconductor and base
insulator. A high electric field leads to a large drift contribution pushing electrons towards
the insulator, leading to a high charge carrier concentration. This, in return, leads to a large
diffusion current in the opposite direction. The current normal to the insulator must be zero at
the interface, i. e. there are no leakage currents through the oxide. However, the total current,
which is the difference of the absolute values of the large drift and large diffusion currents, can
still yield significant values due to numeric uncertainties. This does not make sense from a
physical point of view.
Therefore, a second method is used to calculate the current close to the oxide interface.
This considers the drift and diffusion current parallel to the oxide and calculates the normal
component via current continuity. The circular symmetry of the model allows to gather further
information. By adding the current that flows through concentric circles of different radius and
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at different vertical positions, it is possible to get the fraction of the total current that flows in
particular areas. Or the other way, the areas which contribute to the total current that flows
through one opening can be calculated. Additionally, by this approach the current flow lines
can be obtained, which must be in vertical and radial direction, but not in tangential direction,
due to the cylinder symmetry.
5.2 BASIC CONCEPT
5.2.1 BASE SWEEP REGIONS
The base sweep As the current that flows between emitter and collector in a transistor is
controlled by the applied base potential, a variation of the base potential is suited best in order
to understand what happens and how the device operates. The operation voltage VCE is kept
constant, e. g. at 1 V. The emitter potential is defined as 0 V, accordingly the collector is at
1 V. The base potential is swept between −0.5 V and 1.5 V. Therefore, this measurement or
simulation series is called a base sweep.
In contrast, the output characteristics, where the operation voltage is varied for given base
potentials, are rather important for applications and circuit design. While focusing on the un-
derstanding of the operation mechanism, the base sweep is the primarily considered data, the
output characteristics will be discussed later in section 5.8.
CBE
E
(a) off-state
CBE
E
(b) on-state
Figure 5.3: Simplified energy diagram of OPBT in (a) off-state and (b) on-state. The position
of the FERMI-level is shown for emitter (E), base (B), collector (C), and HOMO and
LUMO are shown for the semiconductor. The doped semiconductor regions at
emitter and collector are not shown, but considered by using a smaller injection
barrier compared to the base.
Energy diagrams of an OPBT in the off-state and on-state are shown in figure 5.3, that will
serve as a starting point for understanding the device operation. The doped semiconductor
layers have been neglected, as their main function is the enhancement of charge carrier injec-
tion which has been accounted for by a low injection barrier for electrons at the emitter and
collector contacts in the energy diagrams. At the same time, the injection barriers for holes at
all three electrodes are rather high, which justifies the assumption that the device is dominated
by unipolar transport and injected holes do not need to be considered, neither recombination.
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On- and off-state Due to the injection barrier at the base as well as the base insulator and
the collector potential above the emitter during normal operation, charge carrier injection – if
any – is expected to happen at the emitter only. If a sufficiently low potential is applied to the
base, this corresponds to a high energy barrier for electrons, due to the electrons’ negative
charge (cf. figure 5.3a). The electric field between emitter and base is in reverse direction, i. e.
no electrons are injected at the emitter and transported towards the base. Instead, electrons
are even pushed out of the base region, reducing the conductivity of the semiconductor below
the intrinsic conductivity. As a consequence, there is no significant current between emitter
and collector, therefore a low base potential corresponds to the off-state.
If the base potential is increased (cf. figure 5.3b), the on-state is reached: Electrons can
be injected at the emitter and they flow towards the base. Because of the base insulator, the
electrons cannot flow into the base, instead they can only be transmitted through the openings
in the base electrode and are finally gathered by the collector due to the potential difference
between base and collector.
Simulated characteristic The simulated base sweep characteristic of an OPBT with the pa-
rameters given in the previous section is shown in figure 5.4. The absolute value of the collec-
tor current density is shown over the applied base-emitter voltage. As the simulation uses a
perfect base insulation, the emitter current equals the collector current here. Three interesting
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Figure 5.4: Simulation of a base sweep for an OPBT at an operation voltage of 1 V and default
geometry. The characteristic exposes three regions with different IV-laws, region
I, II, and III, which are typical for OPBT operation.
regions can be identified in the base sweep. For high base-emitter voltages in region III, the
device is in the on-state, as discussed above, reaching current densities above 10 A/ cm2. For
low base potentials in region I, the collector current drops exponentially, the device can be
considered to be in the off-state. In a real device, a large reverse voltage between base and
emitter or collector will lead to a base leakage current, limiting the lowest possible current in
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the off-state. Therefore, the assumption of a perfect base insulator will lead to a change at
very low base potentials.
Regions of operation In region I, up to a base-emitter voltage of 0.6V, which equals the
built-in voltage, an exponential increase of the collector current with increasing base-emitter
voltage can be observed. In region II, up to a base-emitter voltage of 1.2 V, the collector current
increases slower, but still with a superlinear law. Finally, in region III, the collector current is
almost constant and does hardly depend on the base potential.
At this point the main question arises, where these three regions come from and how they
can be explained. Furthermore, the question how such small openings in the base can transport
that huge amount of current will be addressed. By doing specific parameter variations and
evaluating suited sets of simulation data, a comprehensive understanding of the operation
mechanism of the OPBT in all operation regimes will be developed in this chapter.
5.2.2 CORRELATION WITH CHARGE CARRIER DENSITY AND POTENTIAL
In order to get a first idea and a qualitative understanding of what is happening in the device, a
colored representation of electron density and electric potential is useful. Due to the rotational
symmetry around one opening, a cross-section like in figure figure 5.5 gives sufficient infor-
mation. Up to a base-emitter voltage VBE of 0.6 V, the potential inside the opening is almost
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Figure 5.5: Cross section of (a) electron density and (b) electric potential through an OPBT for
different regions of operation (Region I: VBE = 0.5 V, Region II: VBE = 1.0 V, Region
III: VBE = 1.5 V). In (a), the base insulator can be recognized as the blue region,
as there are no free charge carriers in the insulator. The opening is located in the
middle.
spatially constant and changes just the same as the base potential itself, as the opening has a
radius of only 2 nm. From emitter to base, the electrons flow by diffusion only (cf. figure 5.5,
region I), behind the base, the electrons are transported to the collector by the electric field.
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A higher electron density will lead to a higher current through the base opening. However,
the base potential is controlling the concentration of charge carriers in the opening, similar to
the subthreshold region in a field effect transistor, where the gate controls the charge carrier
density in the channel. As the electrons obey the FERMI-DIRAC statistic, the number of charge
carriers that can overcome the energy barrier – defined by the potential of the base opening –
increases exponentially.
Inside the opening, the electric potential and therefore also the charge carrier density is spa-
tially constant in region I. As the conductivity scales with the charge carrier density, also the cur-
rent increases following an exponential law, showing a subthreshold slope of 60 mV/ decade,
which is also the fundamental limit of an ideal field effect transistor at room temperature,
linearly scaling with temperature [131]. Therefore, we can relate the exponential behavior in
region I to the limitation by the opening and the applied base potential.
In region II, not only the part of the intrinsic semiconductor which is directly above the
opening contributes to the current. The current between emitter and base flows over the whole
available area. Accordingly, many electrons arrive in front of the base insulator. Together with
the rather high electric potential at the base, this leads to an accumulation of charge carriers
in front of the insulator. That way, a highly conductive charge channel is formed in front of the
insulator, which can be seen in figure 5.5a, region II). This channel allows those charge carriers
not arriving directly at the opening to be transported in that channel, in a lateral direction parallel
to the base. Due to the high charge carrier concentration and therefore the high conductivity,
this is easily possible without remarkable voltage drops. As transport processes through a
semiconductor typically show a power IV law instead of an exponential law like in region I a
lower slope is observed in region II.
In region III, there is even a high charge carrier concentration directly behind the base, i. e.
on the collector side. This indicates that after passing the opening, charge carriers are not
transported directly towards the collector, but spread behind the base first. This enables the
conduction of charges through the intrinsic region efficiently. In figure 5.5b (region III), a large
voltage drop across the insulator can be observed. At this point, the base potential is that high
that there is a large field across the insulator, also leading to a high electron density, forming
the channel. The conductivity in the charge accumulation zone around the base is now high
enough that the base can approximately be regarded as an effective conductor and the emitter-
collector current is defined by the transport through the semiconductor bulk above and below
the base. This situation is further detailed in the following sections.
5.3 CHARGE CARRIER ACCUMULATION
5.3.1 ACCUMULATION AT EMITTER AND COLLECTOR
In the previous section, the formation of a conductive charge accumulation channel, i. e. a high
electron density around the base insulation, was mentioned. This situation allows for a high
conductivity in the on-state, enabling electrons to be transported towards the opening and
therefore a high current is possible in the OPBT. Furthermore, this accumulation charges the
capacitance given by the base insulator, which can be verified in experiments as well [50]. Here,
this phenomenon shall be discussed in more detail. A close-up view of the electron density
near the base is considered: In figure 5.6, a series of such images for different base potentials
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Figure 5.6: Electron density at the base showing the formation of the accumulation in front of
the base at emitter (towards top) and collector (towards bottom) side. The base
potential is varied from 0.40 V to 1.15 V.
is shown in order to visualize the process of channel formation. For a low base potential, i. e.
below the built-in voltage of 0.6 V, electrons mainly diffuse from the emitter towards the base.
With increasing base potential, the charge carrier density in front of the base insulator on the
emitter side increases. The more charge carriers arrive at the base, the more charge carriers
can be transmitted through the opening. On the collector side, those are mainly driven by the
electric field between base and collector, but a smaller share of charge carriers also diffuses
into the shade region behind the base electrode.
With increasing base potential up to approx. 0.75 V, more and more electrons arrive at the
base and are transmitted through the opening. At the same time, however, the collector-base
voltage decreases due to the constant operation voltage that is applied to the transistor. There-
fore, the drift component of the current for electrons that have passed the base decreases,
while the electron density increases. At a base potential of 0.75 V, there is already a high
electron density observed at the emitter side and in the opening, but behind the base, at the
collector side, the charge carrier concentration is still lower. Consequently, electrons during
their motion away from the base towards the collector diffuse horizontally into regions of lower
charge carrier concentration behind the base. This also allows the collector to gather electrons
not only from the opening but also from the accumulated regions, effectively increasing the
area where current flows, from the opening area, up to the full device area.
For very high base potentials, electrons behind the base receive a drift component towards
the base, due to the high electric field close to the insulator. This also promotes the formation
of the charge accumulation behind the base.
In conclusion, the process of the charge carrier accumulation can be divided into two dif-
ferent processes: First, when the base-emitter voltage reaches approximately the built-in po-
tential, the charge carrier density at the emitter side increases. This happens rather homoge-
neously, i. e. the electron density increases in all places in front of the insulator equally, because
charge carriers arrive everywhere in front of the base due to the homogeneous electric field
between emitter and base (cf. figure 5.5b). Second, at even higher base-emitter voltages, the
charge carrier density at the collector side increases. In figure 5.6, this can be observed be-
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tween 0.70 V and 1.15 V, corresponding to region II. In contrast to the accumulation at the
emitter side, here the accumulation starts at the opening and spreads towards the outer parts.
5.3.2 CURRENT FLOW
We will now have a closer look at the current that flows around the base in the on-state.
Requirement for a current is a gradient in the electric potential (drift) or in charge carrier density
(diffusion). In the colored figures showing density and potential in region III, such a gradient
is not distinguishable. However, due to the high charge carrier concentration, already small
gradients are sufficient to obtain significant current densities, according to the drift-diffusion
equation (5.1).
As described in section 5.1.4, the current density is calculated from the scalar fields of
electron density and electric potential. Figure 5.7 shows the vector field of the negative current
density1 at VBE = 1.5 V (on-state) for a small section above and below the base insulator.
It can be seen that the highest current density is found close to the base insulator. This is a
result of the accumulation of charge carriers, which is highest directly in front of the insulator,
and therefore also the conductivity. Furthermore, on the emitter side, the current flows lateral,
completely parallel to the base towards the opening. This means that the electrons from the
emitter which arrive far from the opening do not reach the opening in a diagonal way, but actu-
ally flow vertically towards the base, then laterally to the opening. At first, this might not seem
intuitive, as the charge carriers have to travel a longer way, but again the accumulation zone
is of importance, as its high conductivity makes the lateral transport in front of the base more
efficient. Thus, the base and the charge carrier accumulation can be understood as a virtual
contact, so that electrons flow from emitter to that virtual contact and from the virtual contact
to the collector. In other words, in the on-state the PBT behaves approximately as if base,
insulator, and opening were replaced by a metal without energy barriers to the semiconductor
and without current flowing into or out of the device.
Inside the opening, the electrons flow vertically, again with the highest current density close
to the interface to the base insulator. At the end of the opening on the collector side of the
base, most of the charges do not directly flow towards the collector, but instead are conducted
laterally, parallel to the base towards the outer parts that are farther away from the opening.
This can be understood in terms of an area enhancement for the transport towards the collec-
tor. As the electron density in the intrinsic semiconductor bulk between base and collector is
much lower than in the opening, the conductivity is not high enough to transport all the current
that comes through the opening, as a consequence, more area is required to transport the
current, which is achieved by the charge carriers flowing in lateral direction behind the base
first. The same argument like on the emitter side is valid again: Due to the high charge carrier
concentration and high conductivity, this lateral transport does not lead to a significant loss.
That demonstrates that the charge carrier accumulation is not only observable in the transistor,
but also has a large impact on how the current flows in the device, effectively allowing for very
large currents, as will be shown below.
1In order to ease the understanding of the current flow, the negative current density is shown, so that the direction
of the arrows corresponds to the direction of the electron flow, while the arrow length scales with the current
density.
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Figure 5.7: Electron flow above and below the base in region III. Arrows show the direction of
electron flow (opposite direction of technical current), their length represents the
current density. The collector is at z = 0 nm, the emitter at z = 255 nm, and the
base with insulator is between z = 120 nm and z = 135 nm. The opening reaches
from x = 0 nm to x = 2 nm. Artifacts occur at the edges and very close to the base.
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5.3.3 AREA CONTRIBUTING TO THE CURRENT FLOW
In terms of current flow, the previous section has revealed that not only the area directly above
and beneath an opening contributes, but due to the accumulation also outer areas. At this
point, further questions arise. How is the overall current distributed in the complete device?
How much current does the area above the opening or the outer parts provide? How far can
electrons travel efficiently in lateral direction in front of the base insulator?
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Figure 5.8: Current density in region I (left) at 0.25 V, region II (middle) at 0.7 V, and region III
(right) at 1.5 V, coded by color. Stream lines of electron current from the emitter
to the collector are shown as black lines. The areas of laterally uniformly increased
current density at z = 10..30 nm and z = 200..240 nm in region I are artifacts
arising from the interface between doped and intrinsic semiconductor and are not
considered for the discussion.
Distribution of current across the device area Figure 5.8 visualizes the current flow in the
OPBT at different operation points, in region I, II, and III. In region I (left), no channel has
formed yet, and at the collector (bottom part), the current flows rather diagonally from the
base downwards. In region II (middle), the current density is much higher, but as the voltage
between base and collector is still higher than the base-emitter voltage, the current is still
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supported by drift transport in the collector part of the device and does not require the whole
area of the OPBT, in contrast to the emitter part. In the shade behind the base, there is only
a relatively small current density observable. In region III (right), the current flow extends
with the charge carrier accumulation channel towards the outer edge of the simulated volume,
corresponding to the position where the channels from two neighboring openings meet. The
whole device area is used on emitter and collector side to transport the maximum possible
current at given operation voltage VCE. Similar structures, that do not have a semiconductor in
front of the base insulator, cannot benefit from the accumulation and the current contribution
area and therefore cannot reach such high current densities [45].
While this proves that the whole volume of the OPBT contributes to the current, an interest-
ing question is which areas contribute most current towards the current flowing through one
opening. Figure 5.9 shows a cross section through the OPBT where each colored area shows
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Figure 5.9: Visualization of the contribution of the vertical current flow around one opening in
the on-state, VBE = 1.5 V. Each colored region represents an area where 10 %
of the overall current flows, integrated over the cylinder ring. Most current in the
on-state flows at the outer edge at x = 25 nm, and in the opening at the edge to
the insulator at 2 nm.
the regions of the OPBT where 10% of total current are flowing in the on-state. While the
current is using all available space until the edge of the simulation unit cell at 25 nm, one can
see that most current even comes from the outer parts that are farther away from the opening.
This is not very surprising and simply results from the circular symmetry. The outer rings just
have a larger area, i. e. there is more area that is farther away from one opening than close to
one. In terms of current density, however, there is an almost uniform distribution across the
whole device, and thus the OPBT utilizes the entire device area efficiently.
Maximum collection distance While the simulation presented here covers a width of 25 nm,
even charge carriers from a larger distance could be collected towards one opening. If we
consider that the electron density in the channel in front of the insulator is higher by 1000
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compared to intrinsic charge carrier density (cf. figure 5.5a), also the conductivity scales with
that factor. Consequently, the width would need to be 1000 times as long as the intrinsic layer
in order to become a dominant resistance. Therefore, we can roughly estimate that even very
few openings with distances between neighboring openings in the range of 100 µm would be
possible for a still operational device, and could still deliver very high current densities, as the
whole area is used. However, a change in the ratio between opening area and device area
would lead to a shift of the exponential law in region I.
At such large distances, the channel resistance will become noticeable and the current den-
sity will not be homogeneous throughout the whole device any longer. Also the assumption
of a perfect base insulator might become an issue. In a real device, the probability for a charge
carrier to flow through the oxide into the base will rise significantly the longer the electrons
remain in front of the base. This could be described by assigning the electrons a certain life
time until they drop into the base. The larger the distance towards the next opening is, the
more electrons will flow into the base as they are exposed to the risk of flowing into the base
for a longer time. However, if we assume a distance between two neighboring openings of
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Figure 5.10: Normalized current density in region III in a device with 4 µm distance between
two neighboring openings at a vertical position of z = 150 nm (in the emitter
part of device. The current density only drops about 3 % until the edge of the
simulated unit cell.
4 µm, which is still larger than what is observed in experiments [50], but smaller than the max-
imum distance according to the above estimation, the current density in the on-state is still
rather homogeneous, as shown in figure 5.10. Until the edge of the simulated unit cell, in this
case at x = 2000 nm, the current density only drops by about 3 %. In other words, the current
density is rather uniform and therefore, also in this example most of the current will come from
the outer cylinder rings, the results from the 25 nm wide structure are valid as well.
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Power dissipation Another factor that might limit the charge carrier collection area much
earlier is the transport capability of the opening. While charge carriers can reach the opening
from a lateral distance of roughly 100 µm, the question is whether the opening can transport
the current that comes from a such a large area or whether power dissipation in the opening
rises beyond the limits that the device can withstand. In the case of the standard geometry,
the opening area is 0.64 % of the total device area, therefore the current density in the opening
is higher by a factor of 156.25 compared to the bulk current density. However, following the
above estimation, the charge carrier density at the base (and also in the opening) is higher by
a factor of 1000 compared to the intrinsic semiconductor parts. Hence, also the conductivity
in the opening is much higher. As a consequence, the power dissipation in the 15 nm long
opening is even smaller than the power dissipation in a 15 nm thick section of the intrinsic
semiconductor part. This does not even include the dependence of the mobility on charge
carrier density, leading to a further enhancement of the conductivity and therefore reduction of
power dissipation in the opening [38, 102]. This effect makes an estimation of the maximum
current density difficult. However, current densities in the MA/ cm2 range have already been
reported, indicating that the openings are not limiting the current density yet [132].
5.4 CURRENT LIMITATION MECHANISMS
5.4.1 VARYING SIZE OF THE OPENING
Limitation by opening At this point, the influence of the opening on the device characteris-
tics shall be discussed. In order to investigate which size of an opening is required to transport
enough current, the opening radius of the OPBT model is varied between 1 nm and 16 nm.
By analyzing the resulting base sweep characteristics and internal quantities, we will conclude
how the opening influences the device. Independent of the opening size, the simulated unit
cell still has a width of 25 nm, i. e. we still assume a distance between two neighboring open-
ings of 50 nm.
Figure 5.11 shows the base sweeps corresponding to the different opening sizes. A clear
difference can be observed in region I, the exponential region. The curves are still almost
parallel in the logarithmic plot, so the subthreshold slope of the transistor does not change
significantly. However, the current varies by the square of the radius, or in other words, the
current scales with the opening area. In contrast, in the on-state in region III, all curves saturate
towards the same current density, independently of the opening size.
In order to understand the variation in the exponential region, we recall how the device
operates in that region. In figure 5.12 we see the charge carrier density inside the opening
for different base potentials in region I. The size of the opening only has a minor influence
on the charge carrier density inside the opening, which we will neglect for the moment. The
applied base-emitter voltage, however, makes the electron density vary by several orders of
magnitude. As the influence of the opening size on the charge carrier density for a given base
potential is much weaker, especially for the smaller openings, the conductivity of one opening
approximately scales with the charge carrier density. This is true as long as the mobility is
constant, which is the case in the simulation. Consequently, the conductivity is only given by
the base potential, therefore the total current scales with the area of the opening.
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Figure 5.11: Base sweep for variation of the opening radius. The opening size affects the
current in the exponential region I. The maximum current in the on-state, however,
remains unchanged.
Subthreshold slope We will now investigate how the electron density depends on the base
potential. The potential in the opening is given by the applied base potential. Due to the small
size of the opening, we can assume that the potential inside the opening is spatially constant
for a given base potential. In region I, charge carriers get to the base by diffusion, and the
built-in voltage leads to a small energy barrier towards the opening. When lowering the base
potential, this poses an additional contribution towards that barrier. Following FERMI-DIRAC
statistic, the number of charge carriers above the barrier decreases exponentially with the
height of the barrier. Therefore, also the conductivity inside the opening decreases following
the same law, leading to an exponential characteristic with a subthreshold slope of 60 mV/ dec
at room temperature.
If we have a closer look at figure 5.11, we notice that the curves are not perfectly parallel in
the exponential region, the subthreshold slope becomes worse for larger openings. This can
be explained by having a look at figure 5.13, showing the electric potential inside the opening
for the extreme case of an opening with a radius of 16 nm. It can be seen that at the edge
of the opening, the potential in the semiconductor corresponds to the potential applied at the
base. In the center of the opening at 0 nm, the impact of the base is slightly reduced, and
there is a remaining influence of the collector potential plus the built-in voltage, which is 1.6 V
in total. This explains why the effect is stronger for lower base potentials: The difference to
the collector potential simply becomes larger. In conclusion, the assumption of a constant
potential inside the opening is not fully valid for large openings, therefore, more charge carriers
are present in the middle of the opening (cf. figure 5.12) and the current scales with slightly
more than the area. Additionally, the subthreshold slope is slightly worse than 60 mV/ dec
(65 mV/ dec for r = 16 nm), as this effect is more pronounced for low base potentials. The
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Figure 5.12: Electron density in the opening (profile from center to edge of the opening) for
different opening sizes and base potentials in region I. The electron density is
mainly given by the base potential and does change only slightly from the center
to the edge of the opening. At the edge the density drops to zero, as there are
no free charge carriers in the insulator.
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Figure 5.13: Electric potential from center of opening towards the base for different base po-
tentials. The interface of the insulator at 16 nm is marked with a dashed line.
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reduction of subthreshold slope with larger opening size can also be observed in experiment,
when the opening size is varied intentionally [133].
Limitation by intrinsic region The variation of the opening size does not influence the on-
state, i. e. in region III all simulated base sweep characteristics show the same current density.
In particular this means that the small opening with 1 nm radius, i. e. an area just 1/ 256 of the
r = 16 nm opening, can still transport the same current. We will investigate the conductivity
in the opening again using the charge carrier density, this time at a base-emitter voltage of
1.5 V (figure 5.14), to make sure region III is reached. We observe the highest charge carrier
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Figure 5.14: Electron density within the opening (profile from center to edge of opening) for
different opening sizes in region III. The electron density significantly changes
with the size of the opening, smaller openings have the largest electron densities.
At the edge of each opening the density reaches its maximum before falling to
zero, as there are no free charge carriers in the insulator.
densities and therefore conductivities for the smaller openings. This can compensate for the
smaller area, so that after all the same current can be transported. Also the larger openings
could be flooded with more charge carriers – if available – thus enabling even higher currents.
However, this has not been observed in the simulations.
This means that the opening is not the limiting factor in this case. Already the fact that the
current does not depend on the base potential any more indicates that the limitation might be
outside the base region. Consequently another part of the device must be limiting the current
in that case. As we assume an OHMIC injection realized by a doped layer at the emitter, the
injection is not expected to limit the total current.
Up to now, we have not considered the transport through the intrinsic semiconductor re-
gions. As current is a consequence of gradients of electron density and electric potential, we
will have a look at those quantities again, this time along a vertical profile from emitter to collec-
tor through the center of an opening (figure 5.15). As shown in the previous section, the lateral
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Figure 5.15: Electron density and electric potential in region III along a vertical profile from emit-
ter (E) to collector (C) through the center of the opening (B). For different opening
sizes, the transport in the intrinsic semiconductor regions remains unchanged, as
do the IV-characteristics (cf. figure 5.11, on-state), indicating a limitation by the
intrinsic semiconductor. The base-emitter voltage is 1.5 V, the operation voltage
is 1.0 V.
distribution of the current density in the on-state can be considered to be homogeneous, there-
fore the profile through the center of the opening is representative for the whole transport in
the intrinsic semiconductor regions. The same shape for electron density and electric potential
can be seen (apart from the opening in the base region), i. e. drift and diffusion currents are
also the same for all r in the intrinsic semiconductor regions. Therefore, those are defining
the current that can flow through the device for a given operation voltage, independently of
opening size.
The shapes of the electron density and electric potential are characteristic for space charge
limited current (SCLC): Upon injection, current is due to charge carrier diffusion near the inject-
ing contact and further away, drift dominates. In contrast to a metal, where the conductivity
comes from a high intrinsic charge carrier concentration while the material remains locally
neutral, here the conductivity is carried by a large amount of charge carriers being injected
into the device. As a consequence, the semiconductor becomes charged negatively (in case
of electrons), manifesting itself in a curvature of the electric potential following the POISSON
equation. Additionally, the electrons repel each other due to their COULOMB interaction, which
in the end leads to the present charge to limit the conductivity and therefore also the current.
In section 5.4.4, the presence of SCLC will be verified by doing further parameter variations.
For now, we notice that the intrinsic semiconductor bulk cannot provide higher currents for a
given operation voltage.
This limitation of the current by the intrinsic semiconductor regions also justifies the use of
a constant mobility model although the device exhibits extremely high charge carrier densities
in the accumulation region. The mobility in the charge channel around the base insulator will
certainly be highly enhanced [38, 102]. But this does not influence the OPBT characteristic
substantially, as current limitation and the extreme mobility enhancement are separated. In
region I, where the opening limits the current transport, there is no accumulation at the base
and mobility enhancement does not occur. However, as soon as the channel around the base
84 5 Simulations and Working Mechanism
insulator forms, the intrinsic semiconductor parts (either at emitter only or both intrinsic parts),
which still have a much lower electron density, become limiting.
5.4.2 CHANNEL POTENTIAL
Definition and correlation to base potential In this section, the channel potential is intro-
duced. As already discussed, the OPBT exhibits an accumulation or channel in front of the
oxide in the on-state. Therefore, the channel potential shall be the electric potential of the elec-
trons in the semiconductor directly in front of the base insulator, even in the off-state when
there is actually no accumulation. Of course, the channel potential may vary depending on the
position, e. g. the potential on the emitter and the collector side of the base do not necessarily
need to be the same. However, we can consider the average of all local channel potentials
around the base resulting in a single value for the average channel potential, which is shown
in figure 5.16 in dependence of the base potential. At low base potentials, the channel po-
0.6 0.8 1.0 1.2 1.4 1.6
0.6
0.8
1.0
1.2
1.4
1.6
A
ve
ra
ge
ch
an
ne
lp
ot
en
tia
l[
V
]
Base potential [V]
Figure 5.16: Average potential of the channel in front of base in dependence of the base po-
tential. Up to VBE = 1.2 V (beginning of region III), the channel potential roughly
follows the base potential and then it saturates. The dashed line represents the
unity relation (ϕBase = ϕchannel).
tential roughly follows the base potential. Without a high density of free charges, the electric
field between base and emitter (the same is true for collector) is quite homogeneous. As the
permittivity of semiconductor and oxide are comparable, while the thickness of the insulator
is much thinner than the intrinsic semiconductor, the voltage drop across the insulator is very
small in region I. This was already seen when discussing that the base controls the opening
potential in region I.
The more charges accumulate in front of the oxide, the higher the voltage drop across the
oxide. Basically, the capacitor consisting of base, insulator, and channel is charged. At a base
potential of 1.2 V, corresponding to a channel potential of 1.1 V, the channel potential does not
follow the base potential any longer, and instead saturates. This could already be observed
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in figure 5.15b: While the base potential was at 1.5 V, the potential in the opening – even for
small openings – was always below 1.2 V.
Channel potential pinning The saturation of the channel potential at high base potentials
described in the previous section will be referred to as channel potential pinning. So where
does channel potential pinning originate from? In figure 5.15b it could be noticed that the po-
tential in the opening (which is close to the channel potential) is not identical to the applied
base potential, but it is almost in the middle between emitter and collector potential. And this
can be explained very well: Let us assume, the channel potential would be higher, e. g. 1.5 V.
In that case, a higher current might be injected and transported from emitter to the base. How-
ever, the collector-base voltage will be reduced to only 0.1 V. As the intrinsic semiconductor
was already limiting the maximum current, which was SCLC, such a constellation would not be
able to get all electrons towards the collector. This is already a contradiction for a steady state,
showing that the channel potential cannot be that high. Continuing this gedankenexperiment,
electrons (which cannot be transported towards the collector completely) would start to accu-
mulate around the base even more, and due to their negative charge, they would decrease
the channel potential again to equilibrium. Finally we end up with a constellation, where both
emitter and collector part transport the highest current possible. As the device has the same
thickness and area on emitter and collector side, this means that both emitter and collector
need the same voltage drop, which is half of the operation voltage.
If we now consider the built-in voltage of 0.6 V and account for a voltage drop across the
oxide of 0.1 V (which agrees with figure 5.16), the channel potential pinning occurs at
Vpin =
VCE
2
+ Vbuilt−in + Voxide
Vpin =
1 V
2
+ 0.6 V + 0.1 V = 1.2 V ,
(5.4)
which is exactly the voltage where region III begins. I. e. when the channel potential reaches
the middle between emitter and collector potential (plus built-in voltage), the maximum current
is reached. Applying higher base potentials will not increase the channel potential, instead only
the accumulation will increase, shielding the higher base potential. However, the transport in
the intrinsic semiconductor regions remains unaffected by extremely high base potentials and
still limits the overall current density.
5.4.3 LIMITATION OF BASE-EMITTER TRANSPORT
Region I and region III have already been discussed in detail, so that region II can now be
understood easily.
Region II starts where the openings do no longer limit the current transport. That happens
as soon as the base potential does not lead to an energy barrier in the opening any more,
i. e. when the base-emitter voltage exceeds the built-in voltage and when drift currents start
to contribute significantly to the total current. Therefore, region II is internally characterized
by the voltage drop across the intrinsic emitter semiconductor being between zero (built-in
voltage exceeded) and half of the operation voltage (channel potential pinning starts).
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Figure 5.17: Electron density and electric potential in region II along a vertical profile from
emitter (E) to collector (C) through the center of the opening. The base potential
is 1.0 V. The transport in the emitter part is characterized by SCLC and limits the
total current.
Figure 5.17 shows profiles of electron density and electric potential, this time for a base
potential of 1 V corresponding to region II. Those profiles look similar to the ones from region
III, however, in this case the voltage drop over the emitter part is smaller and therefore the
limiting factor. Hence, the base-emitter voltage defines the current that flows through the
device in region II. On the collector part, a higher voltage is available to gather the charge
carriers. Not even the whole area needs to be used, what was already seen in section 5.2.2
and is now well understood. This also explains why there is no need for a full charge carrier
accumulation at the collector side at the beginning of region II. Nevertheless, a slight spreading
of charge carriers in the collector part will occur, therefore also the charge carrier density is
slightly smaller compared to the emitter part.
5.4.4 INTRINSIC LAYER VARIATION
Variation at emitter and collector As we have seen, the maximum current in the OPBT
is limited by the current transport in the intrinsic semiconductor. In order to enable even
higher currents, either the mobility of the semiconductor would need to be increased, e. g. by
changing the material, or the semiconductor layer must be made thinner. The latter can be
done at the emitter side or the collector side. In order to study the effect of both variations, we
vary the intrinsic semiconductor layer at the top using a thickness of 10 nm, 30 nm, 100 nm,
and 300 nm. As everything else in the OPBT stack is symmetric, exchanging emitter and
collector electrode potentials effectively leads to a simulation of emitter thickness variation the
one time, and collector thickness variation the other time.
The resulting base sweep curves are shown in figure 5.18. It can be seen that there is no
change in the exponential region I, because the opening limits in that region, and the opening
remains unchanged in this variation. However, a clear change is observed in region III: The
current still saturates, i. e. it does not depend on the base potential any more, but the value
of the current density depends on the intrinsic thickness: The thinner the intrinsic layer, the
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Figure 5.18: Base sweep characteristics of OPBTs with the thickness of the intrinsic layer at
the collector part (a) and at the emitter part (b) varied. Thickness variation affects
region III, and for the variation at the emitter (b), also region II. Region I is not
affected.
higher the current in region III, as the transport through the intrinsic semiconductor at a given
operation voltage sets the limit for the maximum current at sufficiently high base potentials.
In region III, it is observed that the current limit is at the same position, independently of
the operation direction, i. e. whether emitter or collector thickness is varied. Only the chosen
thickness itself has an influence. On-state currents normalized to the default thickness are
shown in table 5.1. Therefore both emitter and collector need to be considered equally when
discussing the current limitation in region III. The OPBT consists of two intrinsic regions that
are both limiting, as the operation voltage is divided. The accumulation of charge carriers
Table 5.1: Current for varying intrinsic layer thickness normalized to the current flowing through
the reference device (L1 = 100 nm) in the on-state (region III). The thickness of the
intrinsic semiconductor layer at the bottom is kept at L2 = 100 nm. Column 2 shows
the scaling, i. e. the current obtained from the simulation normalized to the current
of the reference device. Using the effective length from equation (5.6) (column
5) matches better than assuming an effective thickness which is the sum of both
intrinsic layers, both for a linear or a square law (columns 3, 4).
Top i−C60 layer Scaling Expected scaling according to
thickness obtained from Leff = L1 + L2 equation (5.6)
L1 simulation linear square SCLC
10 2.78 1.82 6.01 3.76
30 2.50 1.54 3.64 2.95
100 1.00 1.00 1.00 1.00
300 0.104 0.50 0.125 0.104
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around the base insulator acts as a kind of virtual contact. Hence, the OPBT in the on-state
can be understood as a series connection of two nin-elements2.
Whether the thickness variation is done at the emitter or at the collector part, does neither
influence region I – which is not influenced by the intrinsic at all – nor region III – which is only
influenced by the series connection of both nin-elements, but not the sequence. In region
II, a different behavior is observed. Both nin-devices can be considered as a passive voltage
divider that finds its potential – the channel potential – for maximum current. This potential
corresponds to the voltage at which the channel potential pinning occurs (transition between
region II and III).
If the thickness is varied at the collector part, there is no change within region II itself, as
the base-emitter part controls the current here. However, the transition into region III shifts:
The thicker the collector part, the earlier the transition, as the voltage divider leads to a smaller
pinning voltage. If the thickness is varied at the emitter part, the opposite is the case. For
a given base-emitter voltage, a thicker intrinsic semiconductor layer at the emitter leads to
smaller currents in region II, while at the same time the transition into region III shifts to higher
voltages. For very thin emitter layers compared to the collector, region II gets very short, so
that the OPBT goes almost without a transition region from the exponential region I to the
saturation region III.
IV-Law for different operation voltages The collector current as a function of the operation
voltage in the on-state obeys the corresponding laws that are known for nin-elements, i. e. a
linear IV-law for smaller voltages and an SCLC-law for higher voltages. We will have a closer
look at the IV-laws by changing the operation voltage and finding the maximum current, i. e.
the base potential is chosen sufficiently high. The maximum current density is shown in figure
5.19. For small operation voltages, we obtain a linear IV-law. Here, the conductivity of the
semiconductor is given due to the charge carrier density that is present in the device at thermal
equilibrium without injection. Thus, the the current scales linearly with the applied voltage. In
this linear region, the OPBT behaves like one nin-device with a thickness that is the sum of
emitter and collector layer thickness.
For higher voltages, more charge carriers are injected into the semiconductor, therefore the
conductivity increases, leading to a superlinear increase of the current with applied voltage.
This process is limited by the mobility of the semiconductor and the COULOMB repulsion of
the negatively charged electrons among each other. The current voltage characteristic in this
space charge limited current (SCLC) region is described by the MOTT-GURNEY-law:
j =
9ϵµV 2
8L3
. (5.5)
This j ∝ V 2 dependence agrees with the simulated behavior in figure 5.19.
Effective SCLC length As the current scales with L−3, the thickness of the two SCLC vol-
umes connected in series cannot be just linearly added to obtain the overall characteristic. This
is different from the linear region at lower operation voltages (cf. table 5.1).
2An nin-element is a device consisting of an n-doped/intrinsic/n-doped semiconductor layer stack. Here, the OPBT
behaves like an n-doped/intrinsic/virtually-n-doped/intrinsic/n-doped device or two nin-elements in series.
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Figure 5.19: Maximum current in region III (for sufficiently high base potentials) in dependence
of the operation voltage VCE. For small voltages, a linear IV-law is obtained, which
approaches a square law at higher operation voltages.
If we consider two SCLC characteristics in series (one for emitter and one for collector), one
can show using the MOTT-GURNEY-law that the OPBT, which is essentially a series connection
of two SCLC devices, will behave like a single SCLC element with an effective length Leff of
Leff =
(
L3/ 21 + L
3/ 2
2
)2/ 3
, (5.6)
where L1 and L2 denote the intrinsic semiconductor layer thickness of emitter and collector.
Using that relation the scaling of the current in region III can be described much better, as
shown in table 5.1. The symmetry in L1 and L2 agrees with the observation from figure 5.18
that the maximum current does not depend on the direction of the current flow.
The effective length is shorter than the sum of both intrinsic semiconductor layer thick-
nesses, as shown in figure 5.20. The shortest effective channel length is reached when the
base is placed in the middle between emitter and collector. The resulting current is twice as
high as in a device of the same thickness but without a base layer in the middle. This shows
that the concept of the OPBT allows the highest possible currents, which are only limited by
the inevitable space charge. Due to the virtual contact formed by the accumulation, the current
is increased even further for a given material in comparison to an nin device of the same total
intrinsic thickness.
However, there is still a deviation: The validity of the MOTT-GURNEY-law requires that the
electric field at the beginning of the SCLC region is zero, but due to the positive charge of the
ionized donors, an electric field is present. Additionally, the length of the intrinsic semiconduc-
tor is not well defined, as there is a region close to the n-doped semiconductor that is not really
intrinsic but flooded with charge carriers due to charge carrier diffusion. Furthermore, the in-
trinsic background conductivity of the intrinsic semiconductor layer still plays a role. Therefore,
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Figure 5.20: Effective channel length normalized to sum of both layers L1 +L2 and the resulting
current enhancement normalized to a device without base layer, depending on the
position of the base between emitter and collector.
the transport is a combination of SCLC and a linear law. This can be seen in table 5.1 as well.
The current in the on-state (region III) scales according to the MOTT-GURNEY-law (L−3) using
the effective length (equation (5.6)). However, for very thin devices, the current actually scales
with a value between those expected from a purely linear and a purely SCLC behavior.
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5.5 OPENING SHAPES
5.5.1 CYLINDRICAL OPENING AND SYMMETRY
Using a cylindrical opening, as discussed up to here, the structure of the OPBT is perfectly
symmetric with respect to the base layer. As a consequence, the simulation produces two
identical base sweeps for both directions (cf. figure 5.21). This symmetry has already been
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Figure 5.21: Base sweep of an OPBT with symmetric structure operated using top electrode
or bottom electrode as collector, respectively. The simulation outputs identical
characteristics.
used in section 5.4.4, where the influence of varying the thickness of the intrinsic semicon-
ductor layer at emitter and collector has been investigated. Due to the symmetric structure,
modeling a variation at one side was sufficient, the other variation could then be obtained by
changing the the potential configuration, i. e. exchanging the roles of the electrodes acting as
emitter and collector.
However, in contrast to that, experimental devices do not show such a pronounced symme-
try [50, 77]. Real devices are fabricated by layer-by-layer evaporation in a vacuum chamber (cf.
section 4.2.1). That way, the symmetry can easily be broken systematically. It is conceivable
that a base structure is formed that prefers the charge carrier transport in one direction.
5.5.2 TRUNCATED CONE SETUP
In order to investigate how the opening shape can influence the bidirectional operation, the
cylindrical opening will be replaced by a truncated cone geometry. That way, the system main-
tains a circular symmetry and the pie-slice unit cell can still be used. The geometry used for
the truncated cone opening is shown in figure 5.22. In order to avoid artifacts by strong field
enhancements, the sharp edge is rounded.
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Figure 5.22: Dimensions of funnel opening
From an intuitive point of view, the current in region I is expected to be larger when electrons
flow upwards and are directed through the funnel-like geometry, i. e. when the top electrode
is used as collector. The corresponding base sweeps are shown in figure 5.23a. Only a small
difference can be seen, mainly in the exponential region. The ratio between the current in
preferred and unpreferred direction is shown in figure 5.23b.
The ratio reaches a factor of just slightly above 2, directly at the point where the exponential
region ends. At higher base-emitter voltages, the factor goes down to 1 rapidly. This means
that in the on-state both directions have exactly the same current. This is in agreement with
the above findings that in region III only the intrinsic semiconductor layers are the limiting
parameters.
The opening shape is of importance when the opening is the limiting factor, which is most
pronounced in the exponential region. The dominating limitation is still given by the base
potential, especially at the narrowest position of the funnel, as there is a similar electron density
and electric potential (cf. figure 5.24) in both directions. In order to understand the difference
between both directions in the exponential region, we have a look at the electron density and
electric potential in both cases, when the electrons flow upwards or downwards.
When the collector is at the top, electrons pile up in front of the narrowest position, which
leads to the whole opening being filled with a high charge carrier concentration. In the opposite
direction, electrons that have passed the narrowest position are immediately gathered by the
collector. Therefore, the opening has a lower electron density and conductivity in case the
electrons flowing downwards. This means, to transport the same current, a slightly larger
fraction of the operation voltage is used in the opening that cannot be used for gathering the
electrons and transporting them towards the collector.
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Figure 5.23: Base sweeps in both directions for the funnel device and ratio of currents for the
same base-emitter voltage. Differences occur in the exponential region I, where
transport towards the top electrode is preferred.
In the preferred direction (electrons flow upwards), a slightly larger fraction of the applied
voltage is available. This assists the charge carriers to be transmitted through the narrowest
position of the opening, as shown by the dense isolines at the narrowest position, which further
enhances the transport in this direction.
Overall, the funnel geometry introduces only a small difference. However, this cannot ex-
plain the large differences that can be observed in experiments with conceptually symmetric
structures. Probably, further processes lead to non-symmetric characteristics in the real de-
vices. One possibility is the presence of a non-symmetric base leakage current. The oxide
might have better insulating properties on the top or vice versa. A higher base current would
then decrease the collector current. Also a difference in the transport in the top and bottom
semiconductor part is conceivable, as only the bottom part is exposed to air during the fab-
rication process. This would affect the device in region II where the emitter part dominates
the characteristic. Such mechanisms will mainly influence the on-state (regions II and III) in
contrast to the differences in the exponential region presented in this section.
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Figure 5.24: Electron density and electric potential in a device with funnel shaped opening
in region I. Isolines are shown as well. The base potential is VBE = 0.5 V at an
operation voltage of VCE = 1 V, the black arrows show the direction of electron
flow.
5.6 BASE LEAKAGE CURRENTS
5.6.1 DESCRIPTION OF THE INSULATOR
If a simulated base sweep of an OPBT with default parameters and geometry is compared
to the base sweep of a real device (cf. figure 5.25) with the same structure, one will notice
that in principle the behavior is indeed comparable, i. e. at a low base potential the off-state is
present, followed by an exponential increase and finally for high base potentials leading to the
maximum possible current. However, the current in the off-state differs by several orders of
magnitude.
Until now, the insulator has been considered to be perfect in the simulation, i. e. without
any leakage currents. A real insulator, in contrast, has a finite energy barrier and therefore
tunnel currents will be inevitable, as the insulator consisting of a native aluminum oxide has a
thickness of only a few nanometers [50].
In order to describe the leakage current, we assume that there is always a high number
of charge carriers in front of the base insulator, which is the case due to the accumulation
in region II and III. The tunneling current will be described by a modified SCHUEGRAF-model
[134]. In contrast to FOWLER-NORDHEIM-tunneling, this can also describe direct tunneling,
i. e. tunneling not only through a triangular barrier, but also through a barrier with a trapezoidal
shape. An additional modification is introduced in order to achieve better results at low voltages
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Figure 5.25: Comparison of simulated and experimental base sweep of standard device show-
ing the collector current (Experimental data kindly provided by Markus P. Klinger,
IAPP, TU Dresden). Qualitative behavior is comparable in both curves. The off-
state shows the largest difference.
[134]. The base current density can now be written as:
jB = AE2ox exp
(
−
B · Bcor
Eox
)
Bcor = 1 −
(
1 −
Vox
Φb
)3/ 2
,
(5.7)
where Eox and Vox are the electric field and voltage drop across the insulator, respectively, Φb
is the potential barrier, and A and B are the factors known from FOWLER-NORDHEIM-tunneling
[134]. Those also depend on the barrier height and the thickness of the insulator. The thickness
of the insulator is 2 nm, as given by the OPBT model. By adjusting the resulting base leakage
current to experimental data (cf. figure 5.28), the resulting barrier height3 is Φb = 0.7 V.
The voltage drop across the insulator can be obtained easily in the simulation, as this is
simply the difference between the channel potential and the applied base potential. Figure
5.26 shows the average channel potential and the corresponding average voltage drop across
the oxide. The leakage current calculation, however, does not use the averaged values, but
calculates the leakage current locally at every point of the grid and integrates over the whole
surface of the insulator above the base, below the base and at the interface to the opening.
3It should be noted that the fitted barrier height does not necessarily correspond to the real energy barrier, as the
influence of the effective mass has been neglected within this simple approach.
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Figure 5.26: Average potential of the channel in front of the base and the voltage drop across
the oxide as functions of the base potential. Up to VBE = 1.2 V (beginning of
region III), the channel potential approximately follows the base potential and then
saturates. At this point the voltage drop across the insulator (red line) increases
significantly. The dashed line represents the base potential itself (unity relation).
The operation voltage is 1 V
5.6.2 TOP AND BOTTOM CONTRIBUTION
Base current As long as the channel potential is below the base potential, electrons tunnel
into the base. For lower channel potentials, electrons are injected through the insulator. In this
case, it must be accounted for the fact that there are no allowed states at the energy of the
base FERMI-level in the semiconductor, due to the band gap. Therefore, only charge carriers
above the LUMO of the semiconductor contribute to injection, lowering the tunneling and
injection probability effectively. There is no simple analytical approach to include this process,
as common injection has to deal with field dependent barrier lowering and mirror charges in
addition. Here, multiplication with the SHOCKLEY-diode law is used. This approach should only
be considered as a visualization, as the energetic activation and the tunneling are not separate
processes and instead share the same available voltage drop.
Figure 5.27 shows the leakage currents flowing through the different faces of the insulator.
As the insulator area between opening and base is comparably small, the contribution towards
the total base current is at least one order of magnitude smaller than the other contributions
and consequently negligible. The current that flows into the base from the emitter side (at the
top) has a rather large contribution already starting at a base-emitter voltage of 0.6 V, which
is the built-in voltage and the point at which the accumulation on the emitter side starts. At
this voltage, there is no accumulation at the collector side yet, therefore the contribution of
the base leakage current through the bottom of the base (collector side) only starts at a higher
voltage.
Above 1.2 V, where region III starts, there is a further increase of the leakage currents. This
results from two facts: Firstly, the accumulation covers the complete insulator, also at the
collector side. Secondly, at this point the channel potential pinning (cf. section 5.4.2) starts and
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Figure 5.27: Base insulator leakage currents in total and contribution of different faces of the
insulator. The insulator part separating opening and base has only a minor influ-
ence due to the small area. A significant increase of the leakage current occurs
at VBE ≥ 1.2 V. The operation voltage is VCE = 1 V.
as a consequence, the voltage drop across the oxide rises much faster (cf. figure 5.26), leading
to higher base currents.
Base sweep with base currents Having calculated the base leakage current, it can now be
included in the simulated base sweeps by subtraction from the collector current. The result
is shown in figure 5.28. All features that have been discussed can be seen in the simulation
as well as in the experiment. In particular, the three regions can be identified, and also the
kink where the base currents start to increase stronger in the range of the channel potential
pinning.
As we know that this kink occurs at the transition between region II and III, i. e. half the
operation voltage (VCE = 1 V) plus the built-in voltage, we can estimate the built-in voltage of
the device from experimental measurements:
Vbuilt−in ≈ Vbase−kink − VCE2 , (5.8)
where Vbase−kink is the voltage where the kink in the base current is observed and the accuracy
of the estimation is limited by the voltage drop across the insulator. As this position agrees
with the simulation, we can conclude that the built-in potential of the simulation agrees with
the real device. Hence, this is a simple method to obtain the built-in voltage of an OPBT
without the need for analyzing the junction capacitance of SCHOTTKY diodes without insulator.
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Figure 5.28: Comparison of a simulated and an experimental base sweep of standard device
with base current (Experimental data kindly provided by Markus P. Klinger, IAPP,
TU Dresden). The operation voltage is VCE = 1 V.
5.6.3 VALIDITY OF CALCULATION
There are a few requirements for the validity of the base leakage current calculations. The used
model for the tunneling assumes that there is the same material on both sides of the insulator.
This is not the case in the OPBT, which leads to the injection issue as discussed in section
5.6.1, as well as to the fact that the barrier height is measured with respect to C60 only, i. e.
we assume that there is a virtual layer of C60 between the base and the insulator.
Another limitation of the validity results from the fact that the base current is calculated in a
second step after the drift-diffusion simulation under the assumption of a perfect base insulated
has been completed. Therefore, the resulting base sweeps are not necessarily self-consistent.
Only as long as the base leakage current is much smaller than emitter and collector currents
this will have no significant effects and the resulting base sweeps are a good approximation.
However, in the off-state this is not the case. Base currents can become even larger than the
collector current as shown in the experimental base sweep in figure 5.28b and they would
influence the potential profile and the charge carrier density including the emitter and collector
currents. Furthermore, they would slightly influence the channel potential, which was used to
calculate the base currents. Therefore, the base currents, especially in the off-state, should be
considered as a qualitative description only, to understand that the base leakage currents will
limit the off-state.
5.7 ANALYTICAL DESCRIPTION OF THE OPBT BASE SWEEP
5.7.1 DESCRIPTION OF OPERATION REGIONS
While the drift-diffusion simulation can show how the device works and simulate the device
characteristics, its complexity hinders fast and widely usable calculations. An analytical equa-
tion is better suited for circuit simulations where many transistors need to be simulated. Based
on the understanding gained as described in the previous paragraphs, this knowledge can be
used to develop an analytical treatment of the physical behavior.
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Off-state The off-state of the OPBT is given just by parasitic effects, mainly base leakage
currents. Those are not part of the operation principle of the device itself, but rather due to
technical details. If required, a leakage current law can be added as a background current
following the results from the previous section. Here, we will focus on describing the three
regions of the base sweep.
Region I As explained in section 5.4.1, region I exhibits an exponential transfer law be-
tween collector current and base-emitter voltage. In the ideal case, the subthreshold slope
is 60 mV/ dec at room temperature.
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Figure 5.29: (a) Fit of the exponential region for different opening sizes. (b) Parameters ob-
tained from fitting. The black line represents a square law that would be expected
for the prefactors if the current would scale proportionally to the opening area.
Although the subthreshold slope could be improved in experiments, it still does not reach
the ideal value [56]. But also the simulation does not have the ideal subthreshold slope, as the
field in the middle of the opening does not correspond perfectly to the base potential for larger
openings (cf. figure 5.13). This is usually accounted for by adding an ideality factor nid, so that
the exponential law can be described as
jI = j0 · exp
(
VBE,I
nid · kBT
)
, (5.9)
where j0 is a prefactor defining the current at VBE = 0 V. The fit of the exponential region for
different opening sizes is shown in figure 5.29, as well as the obtained prefactor and ideality
factor.
As the characteristic in region I is an exponential one, the fit matches the simulated curves
very well. The ideality factor obtained from fitting agrees with our expectations: For small
openings with r = 1 nm, the potential of the base controls the potential in the opening perfectly,
therefore the ideal subthreshold slope can be reached and the ideality factor is one. For larger
openings, the base cannot control the middle of the opening perfectly. In order to change
the current by the same factor, a higher voltage change is required. Ergo, a slightly worse
subthreshold slope is the result and the ideality factor increases.
As we have seen in the simulation for varying the opening size (section 5.4.1), the current in
the exponential region scales with the opening area, or the square of the radius. This depen-
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dence is shown as a black line in figure 5.29b. The prefactors do have a slightly higher power
law dependence on the radius, because of the different ideality factors.
Region II In region II, the OPBT current is limited by the emitter part (cf. section 5.4.3), i. e.
the base-emitter voltage and the transport through the intrinsic semiconductor at the emitter
define the current. In order to get the semiconductor transport characteristic without effects
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Figure 5.30: SCLC fit, showing that the transport through the organic semiconductor layers
can be well fitted with a linear and a square law contribution.
like built-in voltage, we will study the dependence of the maximum current density over the
operation voltage first (region III), as this region also shows the semiconductor IV-law (figure
5.30, black squares).
The transport through the semiconductor is given by two processes that operate in parallel:
Firstly, there is a background conductivity due to intrinsic charge carriers, unintentional doping
(impurities), and charge carriers that have diffused into the semiconductor from the doped
layers. This results in a constant conductivity and therefore a linear IV law. Secondly, at higher
voltages, charge carriers are injected into the device, increasing the conductivity. As explained
before, this follows the MOTT-GURNEY-law (equation (5.5)), with a square law dependence on
the voltage. As a mixture of both processes can occur at the same time, the total current can
be written as the sum of both contributions:
j = a1 · V + a2 · V 2 , (5.10)
where a1 describes the conductivity in the linear regime, and a2 summarizes the factors in
the MOTT-GURNEY-law (equation (5.5)). This equation is used to fit the transport through the
semiconductor, and the simulation can be fitted very well, as can be seen in figure 5.30. The
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parameters for that fit in region III are
a1,III = 15760
mA
cm2V
and
a2,III = 8614
mA
cm2V2
.
Therefore, we can conclude that the sum of a linear and a square law is suited to describe the
transport through the organic semiconductor in the OPBT device.
Additionally, we can calculate the mobility using the parameter a2 and an effective SCLC
length (cf. section 5.4.4) of the transistor of Leff = 158.7 nm. The resulting mobility is
µfit,III = 0.086
cm2
Vs
,
which is close to the value used in the simulation (0.1 cm
2
Vs ). The deviation occurs, as the
requirements for the MOTT-GURNEY-law are not completely fulfilled, as discussed in section
5.4.4.
0.5 1.0 1.5
101
102
103
104
Simulation
Fit
C
ur
re
nt
de
ns
ity
(a
bs
.)
[m
A
/c
m
2
]
Base-emitter voltage [V]
Figure 5.31: Region II fit using a linear and square law to describe the transport through the
emitter semiconductor.
For fitting region II of the OPBT over the base-emitter voltage (instead of region III over the
operation voltage), we need to account for the built-in voltage and an offset in current which
will later be included in the combination of all three regions, but for the separate fit they need
to be considered. The equation for fitting region II is
jII = a1,II · Veff + a2,II · V 2eff + joffset
Veff = VBE,II − Voffset .
(5.11)
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Figure 5.31 shows the resulting fit for region II. The parameters for the fit and the correspond-
ing mobility (calculated with L1 = 100 nm) are:
a1,II = 18910
mA
cm2V
,
a2,II = 26460
mA
cm2V2
,
µfit,II = 0.066
cm2
Vs
.
(5.12)
The mobility is slightly different from the fit of region III over VCE, due to the assumption of
the MOTT-GURNEY-law. In the middle of region II, the fit agrees well with the simulation. At
the boundary to region I, the current is underestimated. As discussed previously, in region
I diffusion currents between emitter and base are important, but the MOTT-GURNEY-law only
takes drift currents into account. At the boundary to region III, the current is overestimated, as
this regional fit does not consider the additional limitation by the collector part of the device,
which will be incorporated in the following.
Region III In region III – this time over the base-emitter voltage and for a constant operation
voltage – the current reaches its maximum and does not rise any further with the base poten-
tial, i. e. it is constant. The easiest approach would be to clip the current density when region
III is reached. However, this would lead to the transition between region II and III getting a
kink that cannot be observed, neither in simulation nor in experiment. Instead, a higher base
potential leads to a higher accumulation, making the channel region more conductive. Even
though the intrinsic semiconductor parts are limiting, the accumulation zone and the opening
still have a very small impact, so that the current rises very slowly in region III.
Therefore, we assume a power law between current density and base-emitter voltage, as
soon as a certain threshold current density jth is exceeded:
VBE,III =
{ (1
k
(
jIII − jth
))f
, for jIII > jth
0, for jIII ≤ jth , (5.13)
where f and k are fitting parameters. This equation does not represent a physical process
occurring in the device, but instead just matches the behavior by consuming up the available
base-emitter voltage, so that only a slight increase of the collector current can result. Therefore,
a separate fit of region III does not make sense.
5.7.2 TRANSITION VOLTAGES AND FULL CHARACTERISTICS
As already discussed in section 5.2.1, the transition from region I to region II happens when the
base-emitter voltage exceeds the built-in voltage. Below, the potential in the opening poses an
energy barrier, which is not the case above the built-in voltage, where the emitter part of the
OPBT limits the current.
Likewise, the transition between region II and region III occurs, when the channel potential
gets pinned and cannot follow the base any longer. This is the case when the channel potential
is in the middle between emitter and collector, i. e. when the base potential exceeds half the
5.7 Analytical Description of the OPBT base sweep 103
operation voltage, plus the built-in voltage, plus the voltage drop across the oxide (equation
(5.4)).
A simple, piecewise combination of all three region fits would not fit the transitions very
well. Instead, a smoother transition can be achieved by considering that every region can limit
the current, i. e. a certain voltage is available (the applied base-emitter voltage) and each of the
regions needs a certain voltage for a certain current, following the separate equations. Hence,
we consider the three different regions to be a series connection of elements, as the voltage
is divided among the different limiting mechanisms. First, in region I, the opening consumes
most of the voltage and limits, then in region II, the emitter part dominates, and finally, in region
III, the collector limitation is added. Therefore, the complete fit function must obey equations
(5.9), (5.11), (5.13) and
jtotal = jI = jII = jIII
VBE,total = VBE,I + VBE,II + VBE,III .
(5.14)
The resulting correlation between VBE,total and jtotal cannot be solved for jtotal explicitly. Never-
theless, it can be solved for VBE,total, which is possible when neglecting leakage currents, else
the formula would remain in an implicit form. Figure 5.32 shows the simulated base sweep
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Figure 5.32: Fit of all three regions of a simulated base sweep by combining the laws for
the different regions (equations (5.9), (5.11), (5.13) and (5.14)). Both linear and
logarithmic plot show a very good fit.
of the OPBT with default parameters as described in section 5.1.2 and the fit corresponding
to equations (5.9), (5.11), (5.13) and (5.14). The parameters used for fitting are summarized in
table 5.2.
As expected for small openings, the ideality factor is close to one. Using the fitting param-
eters for region II, we can calculate the mobility again according to the MOTT-GURNEY-law.
The resulting value of 0.068 cm2V−1s−1 is very close to the value obtained by fitting region II
separately (cf. equation (5.12)).
The equations presented here can be fitted very well to the simulated data, this can already
serve as a starting point for further research, e. g. creating a compact model, which then could
be used in circuit simulation. Further points that can be investigated are the behavior of the
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fitting parameters upon change of the material or geometry parameters and the dependence
on the operation voltage.
Table 5.2: Summary of the fitting parameters (corresponding region in parentheses) for simu-
lated base sweeps and for experimental curves with a 100 nm (default) and a 50 nm
thick intrinsic layer in the collector part. References to the figures showing the cor-
responding base sweep and fit are given as well.
Fitting parameter (and region) Simulation Exp. (100 nm) Exp. (50 nm)
Fig. 5.32 Fig. 5.33 Fig. 5.34
ideality factor (I) nid 1.01 1.4 1.5
prefactor (I) j0
[ mA
cm2
]
1.44 · 10−7 7 0.014
linear transport (II) a1
[ mA
cm2V
]
22300 1161 21.3
SCLC transport (II) a2
[ mA
cm2V2
]
27210 4470 63140
and resulting mobility (II) µ
[cm2
Vs
]
0.068 0.01 0.02
power law threshold (III) jth
[ mA
cm2
]
14400 3174 -
power law exponent (III) f 8 4 -
power law divisor (III) k
[ mA
cm2
]
19800 5370 -
OHMIC series resistance R
[
Ω
]
- - 37
5.7.3 COMPARISON TO EXPERIMENT
The analytical expressions derived on the basis of the simulation results are now applied to
measured base sweeps of real devices. The base sweep as well as the fit are shown in figure
5.33, the fit parameters are summarized in table 5.2 (column labeled with 100 nm). Despite
the experiment being not ideal and containing possibly parasitic effects, the base sweep can
be fitted very well. The parameters used for fitting differ from the simulation, though.
The ideality factor in the real device is higher, meaning that the device has a worse subthresh-
old slope. In the simulation we attributed a higher ideality factor to larger openings. Such large
openings could not be observed in experiment [50]. In the real device also interface states at
the base insulator and the density of states distribution can play a role [135]. The prefactor in
the exponential region is completely different. However, if we consider that the current rises
exponentially, i. e. over multiple orders of magnitude within a small voltage, this seemingly
large difference simply translates into a minor voltage offset. Therefore, this prefactor should
be considered as a very vague parameter.
Concerning the parameters in region II, we notice that the experimental device has a much
lower conductivity, both in the linear and the square law regime of the semiconductor transport.
The calculated mobility and the maximum on-state current density is lower than expected.
In order to reach higher currents, one possibility is the reduction of the intrinsic semicon-
ductor layer thickness. Therefore, the procedure is repeated for a base sweep measured for a
device with an intrinsic semiconductor layer thickness at the emitter of 50 nm. The measure-
ment is shown in figure 5.34 (black line).
We cannot clearly identify a transition into region III, the collector currents seems to rise
with the base-emitter voltage at least up to 1.5 V, which is the highest voltage used for the
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Figure 5.33: Fit of an experimental base sweep using the equations developed based on the
simulation results (Experimental data kindly provided by Markus P. Klinger, IAPP,
TU Dresden).
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Figure 5.34: Fit of experimental base sweep for a sample with an intrinsic layer thickness of
50 nm at the emitter. Measurement and fit do not contain region III, however a
series resistance R is included (electrodes). Experimental data kindly provided by
Markus P. Klinger, IAPP, TU Dresden.
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measurement.4 However, we would have expected the channel potential pinning to start even
slightly earlier than in the previous device, as the semiconductor at the emitter is thinner now.
Electrode resistance The problem in this case is the series resistance of the electrodes. If
we apply a certain voltage between the external base and emitter contacts, e. g. VBE,ext = 1 V,
this voltage will drop across the organic semiconductor, the base electrode and the emitter
electrode. Although the base electrode is rather thin and its resistance is quite high, we can
neglect the voltage drop across the base due to the very low currents. At the emitter electrode
however, the whole current needs to be transported. As we reduce the organic layer thickness,
the electrode resistance becomes more dominant, and a voltage in the range of 0.2 V to 0.3 V
drops across the electrode. The OPBT itself only gets the remaining VBE,int = 0.8 V. As a
consequence, the transition into region III seems to happen at higher base-emitter voltages in
the base sweep.
In order to fit this experimental data, the equation for region III is replaced by a constant
OHMIC resistance, which is a valid model for an electrode. The corresponding fit is shown
in figure 5.34 (red line). The experiment can be fitted quite well again. For comparison, the
same fit is shown with the same parameters, but without the series resistance (blue line). The
difference between the red and the blue line corresponds the voltage drop over the emitter
electrode. In the fit, this resistance is 37Ω (cf. table 5.2).
Once again, we can use the fit parameter a2 in region II in order to estimate the charge carrier
mobility: This time the thickness is 50 nm, therefore a2 is much larger, while the calculated
mobility of 0.02 cm2V−1s−1 is in a similar region as in the 100 nm device.
Further deviations Also the electrode resistance at the collector, which is not included by
the fit of the base sweep (as the base sweep is a function of the base-emitter voltage), can
influence the device operation. Including the voltage drop across the emitter electrode, this
leads to a reduced operation voltage of the OPBT that has not been considered here. In the real
device, the active area is defined by a window in an insulating layer [56]. However, this is not
necessarily the active area, as we have shown that charge carriers can spread in front of and
behind the insulator. Furthermore, the real device does not have the perfect circular symmetry
that was assumed in the simulation. Firstly, the real opening is not a cylinder, and secondly
also the distance towards the next opening will vary. This difference in particular makes the
transitions between regions smoother, there is not such a sharp transition between regions as
in the simulations. One can approximate such a real transistor as a set of ideal transistors with
different opening sizes and distances connected in parallel, all of them can have the transition
between regions at a different voltage. When those transistors are connected in parallel, a
mixture of their characteristics will result. Such a parallel connection of transistors could also
be used to simulate parameters that do not have a fixed value but rather a distribution of values.
4Higher voltages were not applied to the device in order to prevent destruction due to high power dissipation and
heating.
5.7 Analytical Description of the OPBT base sweep 107
5.8 OUTPUT CHARACTERISTICS
5.8.1 SATURATION REGION
Influence of the operation voltage Finally, we will have a look at the output characteristics
of the OPBT. They complete the picture of the performance and characterization of a transistor
and are particularly relevant for applications. For a fixed base-emitter voltage, they relate the
output current at the collector to the operation voltage of the device, i. e. current and voltage
that directly affect other elements connected to the transistor.
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Figure 5.35: Base sweeps at different operation voltages VCE. The base is swept until the cur-
rent limitation in region III is reached. The operation voltage only affects region III.
First, we will have a look at the base sweep for different operation voltages. Figure 5.35
shows those base sweeps for operation voltages from 0.01 V up to 10 V. The base potential
is in all cases simulated up to a value where region III is reached. It can be observed that all
curves for different operation voltages are approximately equal in the exponential region I, as
well as in region II (until each curve reaches its transition to region III). In region III, in contrast,
the maximum current that is reached is different and also the point where region III begins
changes, i. e. where the curves split.
That behavior can be explained with the findings obtained in this chapter and we will start the
discussion at high base potentials: In region III, the current is limited by the transport through
both the intrinsic semiconductor at the emitter part and the collector part, which share the
applied operation voltage. The higher the operation voltage, the higher the current in region III.
The beginning of region III is at the point, when half the operation voltage exceeds the built-in
potential (in case of equal layer thickness at emitter and collector). This matches well with the
curves in figure 5.35. Region II is defined by the transport in the emitter part of the OPBT and
there the applied base-emitter voltage controls the current, i. e. the operation voltage does not
play a role, as long as the base-emitter voltage is below the channel potential pinning voltage
(cf. equation (5.4)). The current in region I does only depend on the transport of charge carriers
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through the opening, hence it is defined by the base and its potential. The operation voltage
has no impact on this region either. Therefore, the curves for different operation voltages
coincide as long as they are in regions I and II. Additionally, we observe that for small operation
voltages VCE < 0.1 V, there is almost no region II, this means that the channel potential is
already pinned shortly after the built-in voltage is reached.
Output characteristics Figure 5.36 shows the output characteristics for different base poten-
tials. Starting at zero volt operation voltage, the current rises equally for all base potentials until
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Figure 5.36: Output characteristics of an OPBT for different base potentials. The different
operation regions are separated by dashed lines. Regions I and II both saturate
and do not differ recognizably in their output behavior.
the current saturates, depending on the applied base potential.
The recognition of the different operation regions is more difficult in the output characteris-
tics. First, we can distinguish the regions where the base potential does not have an influence,
which is before the saturation starts. This is region III, where the current is independent of
the base potential. In the saturation region, in contrast, the collector-emitter voltage has no
significant influence, instead the applied base-emitter voltage defines the current that flows
through the device. This regime corresponds to region I and II.
The question is, how regions I and II can be distinguished in the output characteristic. As
shown in figure 5.36, those regions share the same behavior and they cannot be told apart
directly. However, we know that region I is present when the base-emitter voltage is below
the built-in voltage. Using this information, the three operation regions are shown in the figure,
separated by dashed lines. As we can see, region III, where a saturation is observed in the
base sweep, is another saturation effect in an OPBT besides the saturation in the output charac-
teristics (mainly region II), which one should keep in mind when considering current saturation
of a transistor.
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Influence of the operation voltage We will now reflect what happens inside the OPBT when
the collector-emitter voltage is increased for a fixed base-emitter voltage. For this discussion,
we exemplarily focus on the output characteristic for a base-emitter voltage of 2 V in figure 5.36
(blue line). For low collector voltages, region III is present, as the current is independent of the
base voltage, so there is a complete accumulation around the base insulator. This is true up to
a collector-emitter voltage of about 1.5 V. Between operation voltages of 1.5 V and 2.5 V the
curve still rises with operation voltage, but it slightly deviates from the region III characteristics
of the curves with higher base potential (red line).
This behavior can be related to the channel potential in region III (cf. section 5.4.2). Accord-
ing to equation (5.4), this is at half of the operation voltage, plus the built-in voltage (which is
constant for a given device). If the operation voltage is moderately increased within region III,
the channel potential rises, whereas the applied base potential remains constant. The voltage
difference between the charge channel and the base is reduced. As a consequence, the accu-
mulation around the whole base insulator is slightly reduced, i. e. the base insulation capacitor
starts to get discharged. Therefore, the conductivity is a little bit lower, which manifests itself
in a slightly lower current in the output characteristics just before the saturation starts between
1.5 V and 2.5 V.
At an operation voltage of 2.5 V and larger, the channel potential is pinned at 1.85 V. If a
voltage drop across the insulator of 0.15 V is assumed, we obtain an external base potential of
2 V, which is exactly the potential applied for the curve chosen for this discussion.
In region II, the limitation of the emitter part comes into play. The emitter part contributes
its maximum current towards the base and through the opening. When the collector potential
is increased, electrons are gathered more strongly by the collector, but as the supply from
the emitter is limiting, the current cannot rise. Instead the accumulation at the collector is
reduced, starting from the outer parts farther away from one opening towards the center of
the cylindrical unit cell.
In figure 5.36 we observe a current saturation. However, there is still a slight increase of
current with operation voltage. The base does not completely shield the collector potential,
instead the collector has a minor influence on the electric field at the emitter part due to the
openings in the base layer, thus supporting the current transport in the emitter part.
5.8.2 LINEAR REGION
The voltage range just below the saturation is usually called linear region for field effect transis-
tors. As already seen in figure 5.36, the OPBT exhibits a superlinear increase there. The term
linear, however, refers to the behavior in case of low operation voltage where an almost linear
behavior is present. Even an ideal field effect transistor does not have a linear IV law in the out-
put characteristic in the linear region, instead its linear region is described by an opened-down
parabola, i. e. a concave function. The OPBT, in contrast, has a convex function (cf. figure 5.36).
In order to investigate the behavior close to VCE = 0 V in more detail, a double logarithmic
plot of the output characteristics, which is shown in figure 5.37, will be used. For operation
voltages that are small in relation to the applied base potential, i. e. in region III (where all
curves for different base potentials overlap), the intrinsic semiconductor layers limit the current
transport. Accordingly, we expect the corresponding IV laws of an organic semiconductor, i. e.
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Figure 5.37: Double logarithmic plot of output characteristics for investigation of the linear re-
gion. A linear and a square law are shown as a guide to the eye. At low voltages,
the OPBT shows a linear IV characteristics, which gets steeper towards a square
law due to SCLC at higher voltages before reaching the saturation region.
a linear and a square (SCLC) law contribution. In the figure, lines have been added that show a∼V and a ∼V 2 dependence.
The simulated output curves agree with that expectation. For higher voltages (as long as the
base potential is high enough, so the device is still in region III), a square law can be supposed
that corresponds to SCLC transport. At lower operation voltages below 0.3 V, the intrinsic
conductivity dominates which is constant, resulting in a linear IV law. Thus, for low operation
voltages, we can truly speak of a linear region in the output characteristics of an OPBT.
The linearity of the curves close to zero volt requires that there are no base leakage currents.
If those are present and too high, the collector current will not go to zero linear with operation
voltage, but the zero-current-crossing will occur at non-zero operation voltage. Nevertheless,
base leakage currents have not been considered here. This demonstrates again the importance
of a good insulator around the base, as it influences the behavior at small operation voltages.
5.8.3 INTRINSIC GAIN
Introduction of intrinsic gain For small signal applications like amplification of audio signals
– amongst others – it is important that the transistor can indeed amplify signals with a gain
above one. An important parameter therefore is the intrinsic gain. This can be understood
as a value that states the maximum small signal voltage gain the transistor can achieve in a
common emitter circuit without any external components attached that could influence the
device.
In order to understand that parameter, we consider an inverter where the OPBT operation
in a common emitter configuration. At the collector a current source is connected (cf. figure
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Figure 5.38: Inverter circuit consisting of an OPBT in common emitter configuration and a
current source connected to collector, for small signal analysis. The OPBT is
replaced by a simplified hybrid pi model. The current source I1 is included to
simplify visualization of the circuit, but will become an open circuit for small signal
analysis, also VCC will be connected to ground (gnd).
5.38). As we are interested in the small signal behavior, we do not include the DC bias point in
the calculations, instead only the differences (small signal) are used, which are usually denoted
by small letters. This approach of separation of bias and small signal is valid as the circuit only
contains linear elements.
For the beginning, we assume an ideal current source I1, i. e. r1 → ∞. Additionally, there
shall be no load connected rload →∞. For a small signal analysis, the current source I1 can be
left out, as it is constant: This situation translates into an open circuit. Also the circuit operation
voltage VCC is constant and equals ground (gnd) for small signals.
The OPBT has been replaced by a simple hybrid pi model [136]. The elements belonging to
the OPBT in this model are bordered by a red dashed line. The capacitance between collec-
tor and base has been neglected, as it is not important for understanding the principle. The
transistor is modeled via a controlled current source, where the current is calculated with the
transconductance gm and the base-emitter voltage vbe. As the base-emitter voltage directly
corresponds to the input voltage vin in this circuit, the controlled current source of the OPBT
gives a current of
iinternal = gm · vin . (5.15)
As we have seen in the output characteristics, the current does not perfectly saturate. Instead,
even in the saturation region, a higher collector-emitter voltage leads to a slightly higher col-
lector current. This is modeled by including a parallel resistor ro between collector and emitter
that equals the differential resistance of the output curve.
Calculation of intrinsic gain As discussed above, the current source I1 corresponds to an
open circuit in a small signal model. Also the resistors r1 and rload are infinity (equals open circuit
as well) as the current source shall be ideal and no external components shall be connected for
the intrinsic gain. In this case KIRCHHOFF’s current law states that the current of the controlled
current source of the OPBT iinternal flows through the resistor ro. Accounting for the direction of
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the current flow and using equation (5.15) we can calculate the voltage drop across the resistor
which equals the voltage at the collector:
vout = −ro · gm · vin . (5.16)
The modulus of the corresponding voltage gain is the intrinsic gain:
A =
⏐⏐⏐⏐∂vout∂vin
⏐⏐⏐⏐ = gm · ro . (5.17)
That way we have a simple equation that allows to calculate the intrinsic gain of a transistor
without the requirement for sophisticated measurement setups. The intrinsic gain is simply
the product of transconductance and differential output resistance, which can be obtained from
the slope of the base sweep and the output characteristic.
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Figure 5.39: Intrinsic gain calculated form the OPBT simulation for different bias points. The
intrinsic gain is highest for large collector-base voltages.
However, as transconductance and differential output resistance are not constant over the
whole operation regime of an OPBT, those parameters need to be extracted at a fixed opera-
tion voltage and base-emitter bias voltage. The calculation of the intrinsic gain is only possible
at base and collector potentials that are available in both the base sweep and the output char-
acteristics. Figure 5.39 shows the values calculated from the simulated data. The intrinsic gain
is far above unity. Hence, the OPBT is able to amplify small signals. At higher base-emitter
voltages, the intrinsic gain gets lower, as well as for lower collector-emitter voltages. In both
cases, the collector-base voltage is reduced, i. e. the collector cannot gather the electrons that
efficiently any more. This finally leads to a smaller transconductance and therefore a smaller
intrinsic gain. In the extreme case, the transconductance drops to almost zero if the base po-
tential is too high, namely when the device is biased in region III, which does not allow a small
5.8 Output Characteristics 113
signal amplification because there is no change in current for a variation of the base potential
in.
Real gain When connecting a load with a differential input resistance rload, this will lead to
the current of the internal controlled current source iinternal of the OPBT flowing through both
ro and rload. Those two resistors are in parallel, leading to an effective reduction of the overall
resistance. At the same current iinternal the voltage drop across the resistors and therefore vout
gets smaller. Hence, the voltage gain with a load gm ·
(
ro||rload
)
is always smaller than the
intrinsic gain (cf. equation (5.17)).5
Not only the load influences the gain. Usually the current source I1 will not be ideal, but have
an additional output resistance. Therefore, a higher voltage will correspond to a higher current.
This is the case for real current sources, but this approach is also valid for any other element
with a positive differential resistance, e. g. an inverter that is built using a simple resistor or
another transistor that is used in replacement6. All those scenarios can be described by an
additional resistor r1.
As constant voltages like VCC can be seen as short cuts in small signal analysis (as the
voltage variation of VCC is zero), VCC is connected to gnd. Therefore, r1 is also in parallel to ro
and leads to a further reduction of the total output resistance and therefore gain of the circuit,
the same way as the load resistance. In total, the gain of the inverter will be gm ·
(
ro||rload||r1
)
.
All in all, the intrinsic gain of the transistor is relevant for the small signal amplification, being
the gain under ideal circumstances. In a real case, the gain will be at least slightly lower.
5.9 SUMMARY OF OPERATION MECHANISM
In this chapter, it is shown how the OPBT works in detail. The device exhibits three different
regions that have their own internal mechanisms. At base potentials below the built-in voltage,
which originates from doping at the emitter but not at the base, the base poses an energy
barrier. Due to the low electron density in the opening of the base, only a small current flows
that scales linearly with the opening area and exponentially with the applied base potential.
Therefore, this region I is called exponential region.
For base-emitter voltages above the built-in voltage, electrons are transported from the emit-
ter towards the base over the whole area of the device. In front of the base, electrons accu-
mulate and form a highly conductive charge channel that allows easy transport towards the
nearest opening, where electrons can be transmitted and gathered by the collector. In this
region II, the base-emitter voltage and the respective transport through the emitter part of the
device define the current.
When the potential in the channel reaches a value that is given by the voltage divider consist-
ing of emitter and collector part (built-in voltage plus half the operation voltage for symmetric
devices), the channel potential is pinned, the base can be regarded as well conductive and
does not control the collector current any longer. The current is rather given by the transport
through the emitter and collector semiconductor parts as well as the applied operation voltage.
5Here, r1||r2 denotes the parallel connection of two resistors, resulting in a total resistance of r1||r2 =
r1·r2
r1+r2
.
6When using an inverter consisting of two transistors, using two simple hybrid pi models one can show that their
total gain is the average of their intrinsic gains, weighted by each others differential output resistances.
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This maximum current in region III is another saturation effect besides the saturation in the
output characteristics.
Due to the channel potential pinning, a further increase of the base potential just leads to a
higher accumulation at the base and consequently a higher voltage drop across the insulator.
A consequence is the presence of higher leakage currents, when the insulator is not perfect.
This model leads to a good agreement between simulation and experiment. The understand-
ing of the three different regions allows for an analytical description of the base sweep. Firstly,
it shows that the device operation is well understood, as all relevant parts of the equations are
derived with a physical motivation. Secondly, this can be used as a starting point for modeling
the device characteristics, as it is required e. g. for circuit simulations.
The understanding developed from the simulations as well as the parameter variations have
shown that the details of the openings are not hindering to reach high current densities, that are
limited by the bulk transport. Neither the opening size nor their distance need to be precisely
controllable. The fraction of the opening area in relation to the device area only leads to a
scaling in the exponential region. Here, an adjustment of the base bias voltage could be used
for correction. In order to achieve higher currents, the thickness of the intrinsic layer should be
minimized.
In this work, parameters representing C60 OPBTs have been chosen for the simulation and
comparisons have been performed with the corresponding real devices. The qualitative results
and the operation mechanisms, however, do not rely on the chosen parameter set and the
results are also applicable to other material systems as well, as long as the used geometry
remains the comparable. For p-type devices, e. g. OPBTs using pentacene as semiconductor
[77], the device works with the same mechanisms, except that the charge carriers are holes
instead of electrons. Therefore, the collector has a lower potential than the emitter, and the
device is in the off-state for high base potentials and in the on-state for low base potentials,
i. e. the base sweep looks reflected with respect to the y-axis.
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6 NIN-DEVICES AND STRUCTURING
Nin-devices, i. e. devices with a layer stack of n-doped, intrinsic and again n-doped semicon-
ductor between two electrodes will be discussed in this chapter. When reaching space charge
limited currents, such structures can be used to obtain the material mobility. Especially in the
case of C60, this can be difficult for various reasons that will be pointed out, together with a
solution which allows to estimate the mobility of C60 and verify the value that has been chosen
for the simulation.
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6.1 EFFECT OF ACCUMULATION AND SCALABILITY
6.1.1 ACTIVE AREA AND ELECTRODE OVERLAP
When quantities like the charge carrier mobility shall be calculated from measurements, the
device geometry must be known. Here, the mobility shall be calculated using the MOTT-
GURNEY-law in the space charge limited current (SCLC) regime1. Therefore the thickness L of
the intrinsic semiconductor layer and the active area must be known.
In these experiments, the active area is given in principle as the overlap of the top and the
bottom electrode. From a top view, both of the electrodes are stripes of a width a and one
electrode is rotated by 90◦, i. e. both stripes intersect at an right angle (also called a cross-bar
structure). Thus, the active area, i. e. the area where both electrodes overlap, is a square with
an area of a2. When calculating the current density, it is usually assumed that the current within
that area is homogeneous and there is no current outside of this intersection area. However,
these assumptions are not perfectly true.
Figure 6.1 shows a cross section along the top electrode at the edge of the bottom electrode.
Electric field lines are shown under the assumption that the semiconductor behaves like a
dielectric and also the n-doped layers do not show an impact. This is surely a simplification
Substrate
Bottom electrode
Top electrode
C60
Figure 6.1: Electric field lines in a cross-bar structure. A cross-section along the direction of
the top electrode stripe is shown. The bottom electrode runs perpendicular to the
viewing plane and one edge is shown. The organic semiconductor is present in a
larger area. Field line behavior has been calculated with a software using conformal
mapping for a step-edge electrode [137].
but it still shows that electrons will be injected at the top electrode in an area that is larger
than the electrode intersection only. Those electrons will then flow to the bottom electrode
1Another approach would be the extraction from the transfer characteristics of a field effect transistor. However
this would result in a larger field-effect mobility which is enhanced due to a high charge carrier concentration in
the channel.
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along the field lines as shown in the figure (electrons flow opposite to the direction of the field
lines due to their negative charge). However, this broadening of the active area would be in
the range of the thickness of the semiconductor layer and therefore rather small. When the
polarity is changed, the strong field at the edge of the bottom electrode will lead to a higher
injection at this edge. Also increasing the current outside the intersection area. It should be
noted that both effects are always present (and not only in one direction), as a rotation of the
cross section by 90◦ would show the edge at the top electrode an vice versa. Such currents
that correspond to a power dissipation and a temperature increase at the edge of the active
area can also be observed experimentally in these cross-bar structures [138].
Another reason for the current to flow in a larger area than the electrode intersection is the
high conductivity in the n-doped layers. Due to the processing technology, the n-doped layers
are not perfectly aligned with the metal electrode and therefore broaden the effective active
area even further. Especially when the active area is small, these three effects can lead to an
over-estimation of the measured mobility. Using larger areas would minimize those, but also
require higher absolute currents which lead to power dissipation problems. Consequently, the
current density for smaller active areas of otherwise equal elements seems to increase as the
edge gets more and more important.
6.1.2 INDIRECT STRUCTURING
In order to circumvent this issue, another method to confine the active area is needed. To
prevent current that flows outside the desired area, an insulator is introduced, thus indirectly
structuring the active area. The electrodes itself can be made sufficiently large to be able to
transport large currents and provide a large intersection area. Here, the electrode intersection
area is 2.5 mm times 2.5 mm. One has to keep in mind though that such large electrodes will
contribute to a significant capacitance. By making the insulator very thick, this influence can be
reduced. Additionally, the capacitance is less important as no high frequency measurements
are planned with those samples. And when this method of indirectly structuring the active
area is applied to OPBTs, the capacitance of the base insulator will be the dominating one.
Placement of the insulator From the simulation it has been learned that charge carriers can
use such an insulator to accumulate and form a highly conductive channel in front of it. This
effect would even increase the active area and therefore result in the opposite of the desired
effect. Hence, the position of the insulator in the layer stack has to be chosen carefully. In
particular, it should be at the injecting contact, so an accumulation in front of the insulator
does not affect the transport in the semiconductor (which is behind the insulator, not in front).
An accumulation behind the electrode will not occur as the electric field is always directing
the charge carriers away from the insulator, which is different from the OPBT where charges
could also accumulate on the collector side of the base insulator when the base potential was
approaching the collector potential in the on-state. For electrons flowing from the top to the
bottom electrode, the insulator has to be placed at the top contact. Figure 6.2 shows two
possible layer stacks. In principle, also the n-doped C60 layer could lead to a broadening of the
active area. Thus, the insulator position before and after the doped layer should be tested and
best solution found by experiment.
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(a) Insulator between metal and n-C60
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(b) Insulator between n-C60 and i-C60
Figure 6.2: Layer stack of nin-devices using indirect structuring to define the active area. For
charge carriers flowing from top to bottom, the insulator is placed near the top
electrode. (a) The insulator is directly beneath the top electrode. (b) The insulator
is also below the top n-doped C60 layer.
Samples using indirect structuring Technically, the area that is left open by the insulator
needs to be realized with two layers of semiconductor. Otherwise a deposition of material
around a certain area would not be possible with a shadow mask. In particular, the first insulator
layer leaves a thin stripe of thickness a free of material, and the second layer is rotated by 90◦,
effectively leading to an active area of a2. Samples with active areas varying over one order
of magnitude, from 0.64 mm2 to 6.25 mm2, have been fabricated. The resulting IV curves for
both layer stacks (c. f. figure 6.2) are shown in figure 6.3. The measurements show that the
insulator should be directly at the metal contact. The current density is independent of the
active area. Differences can only be seen at low and high voltages. However, these can be
explained as the absolute current for devices with a small active area becomes very small,
approaching the measurement resolution. The same is true in the opposite direction for high
voltages. Samples with a large active area transport a current that is higher than the allowed
current compliance of 100 mA. In the figures this can be seen as a horizontal line.
An odd behavior can be observed when the insulator is between the n-doped and the intrinsic
semiconductor layer. For smaller active areas, the current density seems to be lower. This is
exactly the opposite from what would be expected from the case where the currents at the
edges are higher. Here, the current at the edge, i. e. at the insulator seems to be lower. Perhaps
electrons get trapped in deep states that could occur near the insulator interface, charging this
region negatively which consequently reduces the current density close to the edge due to its
potential. Another explanation might be the technically limited accuracy. Due to the distance
between the shadow mask and the substrate, some kind of partial shade exists that may
influence the active area. All in all the experiment has shown that the current scales with the
area when the insulator is placed directly at the metal contact. Therefore, this configuration,
as shown in figure 6.2a, will be used for the following tests.
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Figure 6.3: IV curves of nin-devices using indirect structuring to define the active area. The
polarity is chosen so that the electrons flow from top to bottom. (a) The insulator is
directly beneath the top electrode, the current is scaling with the area perfectly. (b)
The insulator is also below the top n-doped C60 layer. Smaller active areas have a
lower calculated current density. The intrinsic layer thickness is 300 nm, the doped
layers are 20 nm each.
6.1.3 FOUR-WIRE MEASUREMENT
As C60 has a high conductivity, the currents that are expected can become very large, especially
for thin intrinsic layers. Consequently, the series resistance due to the evaporated electrode
can have a significant impact on the measurement. The electrode cannot be made infinitely
thick, as the amount of material that can be evaporated is limited. More than 200 nm do not
make sense.
In order to exclude the effect of the electrode resistance (and also the resistance of the
wires of the measurement setup), one typically uses a four-wire measurement2. The idea is
very simple: Instead of a single cable per electrode for measuring the voltage and the current,
two are used for each electrode. One is providing the current (usually called Force) and the
other cable is measuring the voltage (usually called Sense) with a high impedance, thus there
is almost no voltage drop and the voltage can be measured more precisely. Two wires per
electrode make a total of four, that is why this measurement is called four-wire. The same idea
can be extended to not only exclude the cable resistance, but also the electrode resistance.
As each electrode is a long stripe, one can connect the Force on one side of the active area,
and the Sense on the other side.
A comparison of the four-wire measurement and a normal IV-curve is shown in figure 6.4.
Here, the current has been swept up and down again and the voltages have been measured
between the Force and the Sense contacts. The voltage measurement at the Force contacts
corresponds to a conventional measurement with two wires (black curve). The voltage mea-
sured at the Sense contact is the one that really drops across the nin-device and therefore is
the more accurate one (red curve). The difference between the voltages at a given current is
then the voltage drop across the electrode and can be calculated to be 18Ω in this example.
This is in agreement with a direct measurement of the electrode resistance with a multimeter.
2The measurements shown in section 6.1.2 were already using a four-wire measurement. Here, the importance
shall be discussed and highlighted.
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Figure 6.4: IV curves using a four-wire measurement (red) and a conventional measurement
with two wires (black). The current was swept from 0 mA, to 100 mA and back,
at the same time the voltage was measured at the Force (black) and the Sense
(red) contact. Arrows indicate the direction of a hysteresis due to self-heating. The
intrinsic layer thickness is 200 nm, the active area 200 µm times 200 µm.
Another interesting effect can be seen in the four-wire measurement only at currents above
30 A/ cm2. While the current is further increasing, the voltage gets lower again. In this region,
a negative differential resistance is observed, in particular this is an S-NDR, due to the S-like
shape of the curve. Due to the high power dissipation in the device, the nin-element gets very
hot. The mobility therefore increases significantly, allowing larger currents to flow at lower
voltages. This effect also leads to a hysteresis, which can be seen in both curves. Once the
device has been at the highest measured current and the current is reduced again, less voltage
is required compared to the up-sweep. This is not only an effect of the measurement speed,
but an intrinsic property of the semiconductor physics and has already been investigated for
OLEDs [139]. It is in the nature of things that this happens at higher voltages and currents,
where the power dissipation becomes significant. Unfortunately, this is exactly the region
where SCLC is expected and the mobility should be extracted from.
6.1.4 PULSED MEASUREMENTS
The self heating makes SCLC measurements on C60 difficult. Due to the high conductivity,
the current density is already in the linear regime, before SCLC is even reached, so high, that
the power dissipation heats up the device significantly. This increases the mobility and firstly
makes a square law fitting difficult, and secondly leads to an overestimation of the mobility.
Hence, it is necessary to keep the temperature of the device low, at room temperature. To
achieve this, the sample is practically coupled to a heat bath by placing it on a large copper
block, connected using a thermal compound. Due to the thermal resistance of the glass sub-
strate and the heat capacity, a temperature increase would still occur. Therefore, in addition to
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the copper block, the current and voltage is not applied continuously, but instead each measure-
ment point is taken within 200 µs. Thereafter, the device is put into the idle state (no current)
for 200 ms, i. e. the fraction of the on-time is only approximately 0.1 %, allowing the system to
cool down again if there should be a small temperature increase.
The comparison of a DC and a pulsed measurement (both using a four-wire setup) of the
same sample is shown in figure 6.5. The black IV curve for the DC measurement is the same
as in the section above. Until a certain point, up to about 1 V, the dissipated power in the
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Figure 6.5: IV curves of nin-devices measured in DC mode (black) and using short pulses
(200 µs, red). The current was swept from 0 mA, to 100 mA and back. The intrinsic
C60 layer thickness is 200 nm, the active area 200 µm times 200 µm.
device does not even heat up under a DC measurement. Therefore, the DC and pulsed IV
curves are almost the same below 1 V. Above, the pulsed IV measurement cannot benefit
from a self-heating and thus requires larger voltages for the same current density. It should be
noted though, that a certain heating of the device within the 200 µs measurement cannot be
excluded completely. At the latest from 100 A/ cm2 also the pulsed measurement shows an
NDR which is most likely caused by heating due to the power dissipation. Nevertheless, the
pulsed measurement still allows an accurate measurement without an impact of the power
dissipation at higher voltages and currents compared to the DC measurement.
6.2 MOBILITY MEASUREMENT
6.2.1 MOBILITY EXTRACTION FROM A SINGLE IV CURVE
The previous sections in this chapter have laid the foundation for accurate measurements that
allow the calculation of the charge carrier mobility without unnecessary errors. This means that
the measurement is performed using a four-wire setup, with applying the voltage and current
only pulsed for a short duration, and the active area is defined by the indirect structuring (here,
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the insulator is directly below the top contact). The IV curve of this measurement is shown in
figure 6.6. The double logarithmic plot allows to easily identify power laws. Up to a voltage of
about 0.2 V, a linear IV-law is present, as this background conductivity results from the charge
carriers that are present in the device already from the beginning, e. g. due to the doping or
impurities.
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Figure 6.6: IV curve of an nin-device plotted in a double logarithmic plot. Lines representing a
linear and a square law are added as a guide for the eye. A transition between the
linear and the square law region appears at about 0 V. The intrinsic semiconductor
layer has a thickness of 300 nm and the active area is 200 µm times 200 µm.
At higher voltages, the IV law becomes super-linear, i. e. the conductivity is increasing due
to the number of charge carriers that are injected. At this point, the limit is given only by the
space charge of the charge carriers. As already discussed in the simulation chapter, this region
can be described by the MOTT-GURNEY-law, which gives a current that is proportional to the
square of the voltage. In the measurement, this is not exactly the case. Instead, the power
law is slightly larger than two. This means that the mobility is increasing with higher voltages.
An increase due to a temperature increase is unlikely, as the measurements are pulsed and an
impact can be seen starting between a current density of 10 A/ cm2 to 100 A/ cm2. Most likely
is an enhancement of the mobility due to a higher charge carrier density as well as a higher
electric field, allowing a hopping transport with effectively lower energy required for each jump.
This effect has been shown to lead to an increase of the mobility [38, 102].
One could also consider whether the active area remains really constant or if charge carriers
flow outside the active area behind the insulator significantly. However, in such a case, a
variation when scaling the active area or the thickness should occur. Different active areas have
been found to provide the same current density over the whole range of operation voltages (cf.
figure 6.3a). An impact of the thickness of the intrinsic semiconductor layer will be discussed
in the next section.
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If the slight deviation from the square law is ignored for the moment, one can read the
voltage at a current density that is typical for OPBTs. E. g. 100 mA/ cm2 are reached at about
0.34 V, which is already in the SCLC region. Together with a relative permittivity for C60 of
ϵr = 4, this gives a mobility of 0.059 cm
2
Vs [124].
6.2.2 VERIFICATION OF THE SCLC USING THICKNESS VARIATIONS
The space charge limited currents predict a L−3 dependence of the current density according
to the MOTT-GURNEY-law (cf. equation (5.5)). Here, L is the thickness of the intrinsic semicon-
ductor layer. Due to the doped layers at the electrodes, charge carriers will diffuse into the
intrinsic semiconductor layer on both sides. Therefore, it cannot be assumed directly that the
nominal thickness of the evaporated pure C60 layer is equal to the thickness the material, which
is in the space charge limit. However, this effect will lead to a constant length offset ∆L which
does not depend on the intrinsic semiconductor layer (as long as L >> ∆L). Then the current
density can be written as
j =
9ϵ0ϵrµV 2
8
(
L − ∆L
)3 . (6.1)
Solving this equation for L results in
L = µ
1
3 ·
(
9ϵ0ϵrV 2
8j
) 1
3
+ ∆L (6.2)
which is in the form of y = m · x + n. Figure 6.7 shows a plot using the parameters x and y
which can be calculated from the measured values. Fitting the data points with a linear law
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Figure 6.7: Fit of the mobility for nin-devices with different intrinsic semiconductor layer thick-
nesses. All j and V values have been read in the IV curves of each sample near the
beginning of the SCLC region.
(y = m · x + n) results in m = 0.39 and n = 0. From the slope m a mobility of µ = 0.059 cm
2
Vs
can be calculated. This is in good agreement with mobility estimations in complete OPBTs
[18]. The y -axis intersection n of zero proves that the length corresponding to the SCLC law
126 6 Nin-Devices and Structuring
is exactly the evaporated layer thickness, without any correction ∆L. Even if the was such an
offset, the fitting method would not be prone to such an effect and still be able to deliver the
correct mobility. As the fit matches the data points very well and ∆L = 0, it is not surprising
that the same mobility as in the single IV curve measurement is obtained and verified here.
When directly comparing to the simulation, the mobility that has been chosen there (µ =
0.1 cm
2
Vs ) is slightly too large. However, the simulation had to be done before these experiments,
in order to understand the effect of charge carrier accumulation in front of an oxide which
affects the active area. This makes the simulation and mobility measurement to some kind of
chicken and egg problem. However, repeating all simulations with the mobility found here is
not necessary. All qualitative results will be still the same, and the IV curves and base sweeps
with the new mobility could be obtained using a simple rule of three, as the current density
scales linearly with the mobility. In addition, it should be noted that the mobility estimation
using the MOTT-GURNEY-law has a limited accuracy by itself. Also the simulated IV curves that
have been fitted in the SCLC region yielded a lower calculated mobility (cf. section 5.7).
6.3 GEOMETRIC DIODE
The indirect structuring has been introduced to define the active area exactly, which works only
in one direction (when the insulator is at the injecting contact). What happens when operating
such a device also in the other direction can be seen in figure 6.8. When the electrons are
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Figure 6.8: IV curve of a geometric diode using the indirect structuring (at the top contact).
At positive voltages, charge carriers are injected at the top and only flow in the
active area. For negative voltages, charge carriers flow in a much large area and
accumulate in front of the insulator, leading to higher currents. The size of the
window in the insulator is 200 µm times 200 µm.
injected at the bottom contact, i. e. at the contact without an insulator, the injection can happen
over the whole electrode area and flow towards the insulator at the other side. There, the
charge carriers accumulate in front of the oxide and form a highly conductive channel, where
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they can flow to the open window in the insulator and finally get to the top electrode. As
the area, in which the current flows, is different in both directions, the calculation of a current
density does not make sense. Therefore, the diagram shows the absolute current.
Although the layer stack is symmetric except for the insulator, a diode-like behavior can be
seen. The rectifying characteristic does not come from the energy structure, but the accumu-
lation which occurs only in front of the insulator but not behind introduces the asymmetry.
That way, a geometric diode has been created, a device which gets its characteristic from the
geometry. Similar devices, which also show a diode behavior due to its geometry, have already
been shown using a very small funnel-like structure [140].
The disadvantage of the geometric diode is the rather high current in both directions, i. e.
the rectification ratio is rather small. This would be useful only in small-signal applications that
need only a small rectification. However, in such systems the parasitic capacitance needs to
be very low in order to reach high frequencies. The geometric diode shown here is not exactly
optimized in that regard and has a rather large parasitic capacitance due to the large electrode
area.
Although this geometric diode might not be useful for an application, the rectification ratio
gives insights into the area that contributes to the current flow. At a voltage of ±0.5 V, this ratio
is about 10. This means, when charge carriers are injected at the bottom electrode, the area
is effectively larger by a factor of 10. Instead of an active area with an edge length of 200 µm,
the accumulation in front of the oxide allows to extend this area by the same value to every
direction, approximately. This is an excellent verification for the estimation in the simulation
chapter, where the distance to the next opening was estimated to be able to be about three
orders of magnitude larger than the layer thickness. Here, the layer thickness is 200 nm, and
the active area is extended by about 200 µm. At higher voltages, the rectification ratio becomes
even larger. This could be related to more charge carriers accumulating in front of the oxide and
allowing a more conductive channel that extends the area even further. Additionally, at −1 V
the power dissipation already reaches 100 mW, leading to the already discussed self-heating
together with an increase of the mobility.
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7 OPTIMIZATION OF P-TYPE
PERMEABLE BASE TRANSISTORS
In this chapter, the results on p-type Organic Permeable Base Transistors and their optimization
are examined. First, the characteristics of the experimental devices are discussed, especially
with a focus on effects that are not present in an ideal scenario, e. g. as found in the sim-
ulations. Thereafter, various optimization strategies are presented and their impact on the
performance of the transistors is analyzed. Finally, the results are combined to aim for the best
performance and a few demonstrator circuits using the Organic Permeable Base Transistor are
shown.
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7.1 INTRODUCTION TO P-TYPE DEVICES
The principle structure of a p-type OPBT as shown in figure 7.1 is still the same as an n-type
OPBT. The device consists of three parallel electrodes – with the base in the middle – which
are separated by an organic semiconductor. Nevertheless, a few differences are present which
will be highlighted hereafter.
Al Base (15 nm)
Pentacene (200 nm)
Pentacene:F6TCNNQ (50 nm)
Collector 20 nm Au, 100 nm Al
Emitter 100 nm Al, 20 nm Au
Pentacene (200 nm)
Pentacene:F6TCNNQ (50 nm)
IC
IE
IB
Figure 7.1: Schematic structure of a p-type OPBT. The current flow, including base currents,
is indicated by arrows. The top and bottom electrodes consist of two metal layers
each.
Structural differences The most prominent difference is the choice of the organic semicon-
ductor, of course. Instead of C60, a material with good hole transport properties is used. In
particular, the transistors presented in this work use pentacene, due to its desirable properties
(cf. section 4.1.1). Also the dopant has to be replaced by a material with a very high electron
affinity, so that electrons from the HOMO of the pentacene matrix can be transferred to the
LUMO of the dopant in order to create free holes. Here, F6TCNNQ is used with a doping
concentration of 1 wt.%.
Pentacene is known to show a rather rough growth and tends to grow in islands [100]. While
this is good for the formation of openings, as will be shown in section 7.3, this also increases
the risk of shortcuts between electrodes as metal could fill gaps between the pentacene is-
lands and possibly reach the subjacent electrode. This problem can easily be circumvented by
increasing the thickness of the organic layers in the stack, i. e. the intrinsic pentacene layers
have a thickness of 200 nm and the doped layers have a thickness of 50 nm, leading to a nom-
inal distance of 250 nm between electrodes. In detail, pentacene grows in a polycrystalline
herringbone structure, e. g. on gold [27]. Due to the low orbital overlap between molecules
along the long axis of the pentacene molecule, the mobility in that direction is negligible, but
also the mobility in the other two directions is anisotropic [28, 29]. Although the low-mobility-
direction points almost upwards, the polycrystalline structure leads to an effective mobility in
vertical direction as charge carriers can follow a zig-zag path. Therefore, the OPBT might not
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have the highest mobilities shown for OFETs, but an average vertical mobility can be assumed
when a volume with multiple crystallites is considered.
The top and bottom electrode of the p-type OPBT, i. e. the collector and emitter consist of
two metal layers each. A thick outer aluminum layer is present for practical purposes, like
providing a cheap way to enhance the electrode conductivity, acting as an adherent layer, and
contacting of the device with a probe. Another metal layer can then be chosen to obtain the
desired metal-semiconductor interface.
Electrical differences As charge transport is now based on holes, which have a positive
charge, the collector needs to have a more negative potential than the emitter to be able to
gather the charge carriers. The energy diagrams for off- and on-state are shown in figure 7.2. In
CBEE
(a) off-state
CBEE
(b) on-state
Figure 7.2: Simplified energy diagram of p-type OPBT in (a) off-state and (b) on-state. The
position of the FERMI-level is shown for emitter (E), base (B), collector (C) and
HOMO and LUMO are shown for the semiconductor. The doped semiconductor
regions at emitter and collector are not shown, but considered by using a smaller
hole injection barrier compared to the base.
contrast to the n-type behavior, a high base potential leads to the off-state, whereas a low base
potential switches the device into the on-state. A base potential that is higher than the emitter
does not allow holes to be transported from emitter towards the base because the electric
field points into the other direction, pushing holes back towards the emitter. Even at a base-
emitter voltage of 0 V, the built-in field that is introduced due to the doping at the emitter does
not allow a significant charge carrier flow. When the base-emitter voltage becomes negative,
holes can be injected at the emitter, transported towards the base and be transmitted, and
finally can be gathered by the collector that has a negative potential.
7.2 CHARACTERISTICS OF OPBTS
7.2.1 DIODE CHARACTERISTICS
The working mechanism of the OPBT has been discussed already in detail in the simulation
chapter. There, base leakage currents have been neglected most of the time, or it has been
assumed that the base currents are much smaller than emitter or collector current (cf. section
5.6). In real devices, however, the base current can be even larger than the collector current for
certain biasing conditions. In order to understand the behavior of the base currents, additional
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characterization is necessary. Now, not only the subthreshold slope or the on-off-ratio are
relevant performance parameters, but also the current gain or the simple two-terminal IV-curve
between base and one of the outer electrodes.
As there is a doped layer for injection at the emitter as well as at the collector, whereas
the base has an injection barrier, a diode-like behavior can be expected. Figure 7.3 shows the
characteristic of the top diode of an OPBT with a stack as shown in figure 7.1.
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Figure 7.3: IV-curve of a top diode. For positive voltages, the base potential is higher than the
other contact and the diode operates in reverse direction. The voltage has been
swept from −3 V to 3 V and back, to reveal a potential hysteresis.
The voltage has been defined as the potential of the base minus the potential of the other
contact (the top one, in this case). Therefore, the forward direction of the diode of this p-type
OPBT corresponds to negative voltages. This convention allows an easy distinction between
p-type and n-type devices, as the latter would show the forward direction for positive voltages.
In the plot, one can clearly identify a rectifying behavior. The rectification reaches about
five orders of magnitude. On the one hand, this can be considered as positive, as it shows
that the injection at the top contact is working. At the same time, the injection at the base
is much lower which is beneficial to keep base-collector leakage currents low during transis-
tor operation. On the other hand, the current density in forward direction reaches more than
100 mA/ cm2 at −2 V which means that the native aluminum oxide around the base is far from
being a perfect insulator and considerable leakage currents from emitter to base can be ex-
pected in the OPBT.
The measurement itself has been executed as a dual sweep, i. e. the voltage has been swept
from low to high and in reverse direction afterwards. Ideally, both curves should be identical.
Due to the oxidation of the base and the resistance of the base itself which is only a thin metal
film with a thickness of about 15 nm, a certain series resistance is present in the device. Even
small capacitances can lead to a hysteresis. In the measurement, the zero current crossing has
always been reached before the SMU has applied the voltage of zero, indicating the presence
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of a series small capacitance. The hysteresis could be reduced by lowering the speed of the
measurement. However, this would not improve the scientific interpretation of the results
and rather just slow down the measurement progress. As long as the hysteresis is small
compared to the usual voltages of operation, which is in the order of 1 V, it can be ignored for
DC characterization.
On a closer look, one can notice that in forward direction at voltages between 0 V and −0.5 V,
the current does not straight rise exponentially. Instead, an almost linear law (but not a line, due
to the logarithmic plot) which is symmetric to the reverse direction can be observed. Similarly,
for voltages below −1.5 V, the exponential law transitions into a linear law again.
Contributions to the effective IV law Both effects indicate that the two terminal measure-
ment on the OPBT is more complex than a simple diode alone. In figure 7.4a, an equivalent
circuit is shown that can explain the features in the DC characteristic described above. The
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Figure 7.4: (a) Equivalent circuit to describe the features seen in the diode characteristic of an
OPBT. It consists of a diode D itself, a series resistor RS, and a parallel resistor
RP. The direction of the diode in the circuit is in agreement with the convention of
negative voltages for the forward direction. (b) The measured IV-curve from figure
7.3 and the IV-laws of separate diode, parallel and series resistance. Parameters
for diode and resistors can be found in table 7.1.
diode itself will lead to the exponential part in the IV-curve. A series resistor RS is introduced
to limit the high current in forward direction. This series resistance does not only result from
the oxide electrode resistance, although the thin base electrode will definitely be a major contri-
bution. Also the limited semiconductor conductivity or its resistance respectively contributes
to the series resistance. The parallel resistor RP represents a linear and symmetric leakage
current between base and the other electrode.
Using the symbols from figure 7.4a, the equations for the diode
ID = I0
(
exp
(
VD
nVT
)
− 1
)
(7.1)
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with saturation current I0, ideality factor n, and thermal voltage VT = 25 mV, and the resistors
VRP = RP · IRP (7.2)
VRS = RS · IRS (7.3)
can be combined using KIRCHHOFFs laws accordingly to find a relation between the total cur-
rent and voltage. Due to the exponential function and series as well as parallel resistors, the
equation cannot be solved explicitly to neither the total voltage nor the total current.
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(a) Top diode
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(b) Bottom diode
Figure 7.5: Measured IV-curve of (a) top diode and (b) bottom diode as well as a fit with the
relation between total current and voltage according to the equivalent circuit shown
in figure 7.4a. Fit parameters can be found in table 7.1.
Nevertheless an implicit equation exists and can still be used to fit and plot the measured
and calculated IV-curves. The results are shown in figure 7.5 for the top as well as the bottom
diode of the OPBT. The fitting parameters are summarized in table 7.1. This also allows to
Table 7.1: Fit parameters for diodes following the equivalent circuit in figure 7.4a. Quantities
have been normalized to the device area.
Parameter Top Diode Bottom Diode
I0/A
[
mA/ cm2
]
5.3 · 10−7 2.6 · 10−7
n 3.2 4.0
RP · A
[
Ωcm2
]
1.0 · 106 1.2 · 106
RS · A
[
Ωcm2
]
2.44 1.94
evaluate the single contributions to the diode IV-curve. The saturation current I0 of the top
diode is approximately twice as high as the one of the bottom diode. This could also be seen
in the diagram as the top diode shows a higher current density at the same voltages, or in
other words the bottom diode requires a larger voltage to inject the same current. This can be
a consequence of the air exposure process that takes place after the bottom semiconductor
layer has been deposited but before the top semiconductor layer is processed. Therefore,
the air exposure can affect the bottom diode behavior in a negative way which manifests in a
slightly worse diode performance. Likewise the ideality factor n of the bottom diode is larger
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compared to the top diode, i. e. the subthreshold slope is less steep. This will also limit the
subthreshold slope that can be reached during the transistor operation. The parallel resistance
Rp seems to be a bit higher in the bottom diode. However, this value can be estimated only
roughly, as the background current does not follow a perfect linear law. Therefore the difference
in Rp is not large enough to be assigned a meaning. The series resistance Rs is a quantity that
consists of multiple contributions, like the base insulator resistance or the resistance of the
base electrode itself. The latter cannot be directly normalized to the device area, making this
value rather a fit parameter than a meaningful one. However, with the device area of 2 mm
times 2 mm the absolute value of the series resistance can be calculated and a resistance in
the range of about 50Ω to 60Ω results. This is in the order of the sheet resistance that can be
expected for an aluminum layer of about 10 nm to 15 nm, as the resistivity of thin aluminum
films is larger than in bulk aluminum [107]. This contribution from the electrode resistance
will be the same for both diodes, as they both share the one base electrode. The differences
between top and bottom diode can result from the different oxidation conditions. The top side
of the base might have been oxidized better due to the direct air contact while the oxygen
needed to diffuse below the base layer first to oxidize the base layer on the bottom side.
It should be kept in mind though that charge carriers are able to pass the base through the
openings and therefore current will flow into the base on both sides. However, the openings
still represent an additional hindrance making one side of the base insulator dominating which
can be an explanation for the difference in the series resistance.
7.2.2 BASE SWEEP
An interesting measurement allowing deep insights into the operation of the transistor is the
base sweep. Here, the collector-emitter voltage is kept constant. In the diagrams shown
in this chapter, the collector-emitter voltage is VCE = −3 V, unless noted differently, i. e. the
collector potential is at −3 V (the emitter potential is chosen to be at 0 V always). The base
potential is then varied between emitter and collector, effectively switching the transistor from
the off-state into the on-state.
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Figure 7.6: Base sweeps of a pentacene OPBT using (a) the top electrode as collector and (b)
the bottom electrode as collector. The collector-emitter voltage is at −3 V.
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Figure 7.6a shows a base sweep of an OPBT with the stack according to figure 7.1 using the
top electrode as collector, and the bottom electrode as collector. When a high base potential is
applied (0 V), the off-state is expected as this corresponds to a high energy barrier for positive
charge carriers. The low current densities which are below 10−2 mA/ cm2 confirm this. The
collector current and the emitter current basically form a plateau that does not depend on the
base potential. Thus, this current is mainly given by a leakage current between emitter and
collector. This behavior is present down to a base potential of −0.8 V. At that point, the base-
emitter voltage is large enough so that the emitter current is starting to rise. At the same
time, also the collector current increases as charge carriers are transmitted through the base
and gathered by the collector. Unfortunately, also the base leakage currents are increasing
significantly. At VBE = −1.7 V and below, the base currents are even higher than the collector
current. I. e. the current gain is below one: In order to drive a certain current at the collector, a
higher control current is needed at the base, which does not match the purpose of a transistor.
Hence, using this device would make sense only in a certain operation range, mainly for small
signal applications. Switching applications cannot be powered by this sample efficiently due
to the missing current amplification, although the on-off ratio reaches more than four orders of
magnitude.
Bidirectionality As the layer stack is symmetric, the OPBT can also be operated in the op-
posite direction, using the bottom electrode as collector. The corresponding base sweep is
shown in figure 7.6b. While the basic behavior is the same, the base current exceeds the
collector current much earlier, and also in the on-state the collector current is lower by one
order of magnitude, making the transistor in this direction even less useful in the on-state.
Obviously, the real device is not perfectly symmetric, in contrast to the conceptual layer stack.
This is indeed conceivable. A first difference is the air exposure, which cannot have an direct
impact on the top semiconductor layer that is processed only after the air exposure step. Also
the top and bottom side of the base can have an aluminum oxide layer with slightly different
properties, as discussed above. Finally, the top pentacene layer is deposited mainly on the alu-
minum oxide of the base insulator, while the bottom pentacene layer grows on gold. Therefore
the morphology will be different and can change the lateral conductivity for example, which
will have an impact on the charge channel conductivity in front of the oxide, that is important
for high currents as shown in the simulation chapter. That morphology plays an important role
in pentacene OPBTs, will be discussed in more detail later.
Comparison with diode IV-curves Emitter and collector current can be compared to the IV-
curves of the bottom and top diode, respectively. If the base would not allow charge carriers
to be transmitted and both diodes would operate independently of each other, the base sweep
would reflect the behavior of the single diodes. This is not the case, as there is a transmission
through the base, which can be seen in figure 7.7a. Here, the base sweep is plotted again
together with the forward direction that was measured for the bottom diode (red dashed lines).
Also the backward direction of the top diode is shown (blue dashed lines), but shifted by −3 V,
as the top electrode (collector) has a potential of −3 V now instead of zero as defined for the
diode measurements. In other words, the zero-current crossing of the base-collector diode
has to be at a base-collector voltage of zero volt, which corresponds to a base potential of −3 V
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Figure 7.7: (a) Base sweep of an OPBT (VCE = −3 V) together with the diode IV-curves, shift
to the potential of the corresponding outer contact. (b) Differential transmission of
the OPBT.
in this case. A base potential of 0 V corresponds to a base-collector voltage of +3 V, i. e. the
backward direction of the top diode.
Except in the off-state, where collector-emitter leakage currents dominate, the emitter cur-
rent follows the behavior of the base-emitter diode in principle. This can be understood, as the
injection at the emitter depends on the electric field at the emitter and thus indirectly on the
base-emitter voltage, which is the same, whether the diode or the base sweep is measured.
The collector only has a minor influence on the emitter current. The collector current itself,
however, is completely different from the diode IV-law. Although the base-collector voltage
gets reduced with lower base potentials, the current flowing between base and collector in-
creases over several orders of magnitude, simply because lots of charge carriers are arriving
from the emitter and are transmitted through the base layer. Hence, the behavior of the collec-
tor current is not only important because it is the current which finally drives another element in
an application, but it also reveals several information about how well the transistor is working.
Differential transmission As already mentioned, the current gain β = ICIB , which is the ratio
of the collector current to the base current, is an important parameter for practical applications.
A similar parameter, but more closely related to the working mechanism of the transistor, is
the transmission α = ICIE , that describes which fraction of the charge carriers that are arriving at
the base from the emitter are actually transmitted through the base. Because of this meaning,
the transmission will be the preferred of those two quantity for the purpose of comparing the
performance of an OPBT here. In the end, this can be considered a matter of taste and there
is the relation β = α1−α . Thus, the critical value of a current gain of unity is reached when the
transmission is 50 %, i. e. the collector current equals the base current when half of the charge
carriers from the emitter are transmitted through the base.
For small signal applications, the absolute bias conditions are not that important. Instead, it
is rather interesting how the collector current changes with a change of the base current, which
is described by the differential current gain βdiff =
∂IC
∂IB
or the differential transmission αdiff =
∂IC
∂IE
.
The differential transmission has the further advantage over the absolute transmission that it
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does not overestimate the real fraction of charge carriers that is transmitted through the base
when there is a significant amount of current that is injected at the base (backward direction
of the base-collector diode).
The differential transmission for the discussed OPBT sample is shown in figure 7.7b. A peak
value of almost 80 % is reached at a base potential of −0.9 V. However, this is in a region
where the collector-emitter leakage current is still dominating. Therefore, unless the leakage
current can be reduced, this high transmission cannot be used in an application and should
be considered as an parameter that is used for comparisons at most. But the differential
transmission cannot be described by a single value, instead the behavior over the full base
potential range is important. That way, it can be seen that the differential transmission quickly
drops below 40 %, i. e. below the critical value where a current amplification is possible. The
best transmission is reached when the base potential is still sufficiently high compared to the
collector potential. Then, the electric field between base and collector forces the charge carrier
into the direction of the collector, reducing the chance of a charge carrier to tunnel through the
insulator into the base. The same effect already played a role when discussing the OPBT using
the simulations. There, instead of the current gain (as the base current was zero due to the
perfect insulator), the intrinsic gain, i. e. the highest possible voltage gain in an ideal inverter
circuit, also reached the highest value for large collector-base voltages (cf. figure 5.39).
Charge accumulation and capacitance A further comparison with the base sweeps from
the simulation (figure 5.4) reveal a difference in the on-state. The pentacene OPBTs do not
show a region III, where emitter and collector current should reach a limit and saturate with
respect to the base potential, as both, the emitter and collector semiconductor layers transport
the highest possible current for a given operation voltage according to the SCLC law. Such a
limitation seems not to be reached here, not even if the base potential is below the collector.
Firstly, the transition to region III would happen only at very low base potentials, depending
on the value of the built-in voltage. Secondly, the collector intrinsic layer does not seem to
reach the SCLC limit at any time. Only the emitter is transporting the highest possible current
for a given base-emitter voltage. But as a significant amount of charge carriers flows into the
base, the collector has to transport less current than the emitter and therefore also requires
less voltage. Both effects lead to a shift of the region III to lower base potentials (for p-type
OPBTs), so they cannot be seen in the base sweep.
A related question is whether the pentacene OPBT is even able to create a charge accumu-
lation channel in front of the oxide which is required to allow highest currents that form the
saturation in region III. This can be verified with a CV measurement as shown in figure 7.8
for the top diode. When biased in backward direction (positive voltages), the capacitance is
in the range of 1 nF, a value that can be expected for a plate capacitor with an area of 2 mm
times 2 mm and a distance of the plates of 200 nm, assuming the relative permittivity of the
pentacene layer as a dielectric is around 5. When biased in forward direction, an increase of
the capacitance is expected when charge carriers accumulate in front of the base insulator.
As the thickness of the dielectric in this case is only around 2 nm, the capacitance should be
higher by approximately two orders of magnitude. However, according to figure 7.8, the capac-
itance rises by a factor of two only. This cannot only be explained by a smaller area where the
charges accumulate. The problem are the high base leakage currents, which make the phase
drop close to zero instead of the ideal phase of −90◦ of a capacitor. Therefore the calculation
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Figure 7.8: Capacitance and phase measured for the top diode at different bias voltages at
a frequency of 100 kHz. In forward direction (negative voltages) an increase of
the capacitance is expected due to the charge carrier accumulation in front of the
oxide.
of the capacitance from the complex impedance gets inaccurate. Additionally, the capacitance
will be calculated too low if there are series resistances present in the measurement circuit. In
the end, these factors prevent an accurate quantification of the charge accumulation in front of
the oxide. But nevertheless, it proves that there is an increase in capacitance which can only
arise from an accumulation.
7.2.3 OUTPUT CHARACTERISTICS
In the base sweeps discussed in the previous section, the operation voltage is always kept
constant. In a circuit, this is usually not the case as further components are connected to the
collector which themselves have a voltage that varies with current. Thus, the operation voltage
of the transistor is not constant most of the time. The behavior for different operation voltages
is shown in the output characteristics in figure 7.9. For different fixed base-emitter voltages,
the collector current is shown over the collector potential (i. e. the operation voltage). If the
base potential is much more negative than the collector potential, the collector current shows
a zero current crossing (e. g. at −0.7 V for the VBE = −2 V curve). At this point, the collector
diode is already operated in forward direction and the current that is injected at the collector
exactly cancels the current that is coming from the emitter and transmitted through the base.
To the right of the zero current crossing in the diagram, the absolute value of the collector
current is rising rapidly, due to the high current that can be injected at the collector. However,
the collector current flows in the opposite direction, thus making the transistor unusable in this
region. In principle this means, that there is a minimum operation voltage for each base-emitter
voltage of the OPBT. In an attempt to try to fix this issue that is caused by the injection at the
collector, one could try to remove the doped layer at the collector. This would indeed reduce
the reverse injected current, but also the built-in voltage at the collector is lost. Effectively
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Figure 7.9: Output characteristics of an OPBT. The dashed lines correspond to base-emitter
voltages between −2 V and −1 V in steps of 0.2 V.
higher operation voltages are required, resulting in the opposite of the desired effect [77]. The
impact of the built-in field will be discussed in detail in section 7.4.
The actual transistor operation happens in the region that is left of the zero current crossing.
One can clearly see, that the collector current mainly depends on the applied base-emitter volt-
age. The higher the absolute value of the base-emitter voltage, the higher the collector current.
As the collector does not influence the current that is injected at the emitter significantly, the
collector potential does affect the collector potential drastically. Instead, a saturation can be
observed, at least at the curves for higher currents. Such a behavior is very good for transistors
as the current that is driven should be controlled with the base and only the base. For base-
emitter voltages close to zero, however, there is an effect of the collector potential and there
is no saturation. Here, the collector potential can influence the electric field on the emitter side
through the openings in the base layer and thus increase the injected current. This process
may happen as well for the other base-emitter voltages, but there this effect is masked due
to the generally higher currents. Another effect that reduces the saturation has already been
mentioned when the transmission has been discussed. The larger the base-collector voltage,
the more efficiently the charge carriers can be gathered from the base. This effect, however,
has to saturate at some point as well, at latest when the transmission reaches 100 %.
7.3 SEED-LAYER
7.3.1 PROCESS OF OPENING FORMATION
The working mechanism of the OPBT relies on the presence of openings in the base layer
which allow charge carriers to be transported from emitter to collector. The openings allow
charge carriers to pass the base without relaxing to the energy level of the base and remain
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in the semiconductor instead and do not need to be re-injected behind the base. As shown in
the simulation chapter, in particular section 5.4.1, the exact dimensions, shapes, and arrange-
ment of the openings does not matter. Nevertheless, the presence of a sufficient number of
openings is still required.
Annealing One major advantage of the OPBT concept is the simple and straight forward
fabrication, i. e. the device is mainly built by the consecutive deposition of certain material
layers in a vacuum chamber. Therefore, a complex technique for an opening creation process
would not be desired. Instead, the openings should just exist on their own. In C60 OPBTs, the
samples are annealed at a temperature of about 150 ◦C for two hours after fabrication. This
step increases the transmission in those devices significantly to over 99 % [71].
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Figure 7.10: Comparison of a base sweep before and after annealing for two hours at 150 ◦ C
of the same sample. The top electrode is used as collector, VCE = −3 V.
This approach turns out to be not applicable to pentacene based OPBTs, unfortunately. High
temperatures lead to a degradation or, already starting at temperatures of 60 ◦C, a recrystal-
lization of the pentacene favoring the lateral transport [101]. Both effects are detrimental for
the OPBT operation which requires a good effective mobility in vertical direction. As shown in
figure 7.10, annealing, as it is used for C60 OPBTs, leads to a decrease in current density of
about five orders of magnitude. Even worse, it does not even improve the transmission, i. e.
the collector current is still lower than the base current in the on state.
Morphology of pentacene The usually rough pentacene morphology which also depends on
various deposition parameters, e. g. the substrate material and temperature, interface layers,
or the deposition rate [98, 99, 141, 142]. This is usually considered a disadvantage of pen-
tacene and therefore effort is put on how to make pentacene grow smooth already on the first
monolayers, as required in bottom-gate OFETs [100, 143].
In case of OPBTs, however, the rough surface of the pentacene can actively be used to make
the aluminum base layer grow with openings. The results shown in this section have already
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been published in reference [77]. Being an essential part in the pentacene OPBT characteristics
and optimization strategy, the main results will be summarized here and extended with further
material studies in the next section.
All OPBTs and characteristics shown until here have already used this optimization: The use
of a gold layer between the bottom electrode and the p-doped pentacene layer. The change
of the material, on which the pentacene is deposited, changes the surface potential landscape
and therefore is an important factor for the growth of the pentacene.
200 nm
without Au with Au
Al base layer
on top of
pentacene
Pentacene
layer
(without Al
base on top)
Figure 7.11: SEM images of the base layer of OPBT samples that have been processed up
to the base layer. Without gold (a+c), pentacene grows in blocks with few and
small openings. With gold (b+d), pentacene grows in wires in a network-like
structure. A difference between an oxidized base layer (a+b) and the base without
air exposure (c+d) is visible, but does not change the overall structure. Red circles
show, where openings in the base layer are expected.
Figure 7.11 shows SEM images of the base layer of OPBTs. Samples have been fabricated
with and without a gold layer on top of the aluminum of the bottom electrode, all other layers
from bottom to base are identical. Two samples each have been exposed to air, allowing the
aluminum base to oxidize as in an OPBT, and two samples have not been exposed to air. A
significant difference can be seen in the morphology that is induced by the additional gold
layer. The air exposure only adds an additional structure on a smaller scale but cannot affect
the pentacene growth mode.
On aluminum, pentacene grows in densely packed blocks. The base forms an almost closed
layer with only a few and small openings, resulting in a low transmission and high base leakage
currents. When pentacene grows directly on the polycrystalline gold surface, a network-like
structure is formed [141]. This is in agreement with the observation that pentacene exhibits a
pronounced de-wetting on gold [27]. That way there are more openings, so that the semicon-
ductor that is evaporated on top can have an electrically conductive connection to the lower
pentacene layer. In contrast to the simulation where small openings were favorable to obtain
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a steeper subthreshold slope, the pentacene OPBTs might not show a transmission for open-
ings that are not large enough. As already discussed, pentacene has the largest mobility mainly
in the lateral direction in most cases. If there are only crystallites in an opening that have a
very poor effective mobility in the vertical direction, this particular opening can be considered
inactive or non-existing. Therefore, the pentacene OPBTs without gold will have a very low
transmission even though there are a few openings. In the larger openings, which occur when
pentacene is deposited onto gold, there is a higher probability that a path for the charge carriers
exist to effectively pass through an opening.
Impact of gold seed layer on performance A base sweep and the corresponding differential
transmission for a OPBT with (solid lines) and without (dashed lines) gold is shown in figure
7.12. The comparison reveals that the emitter current in the off-state as well as in the on-
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Figure 7.12: (a) Base sweep and (b) differential transmission for OPBTs with and without a
gold seed layer beneath the bottom pentacene layer. Solid lines correspond to
the sample with gold, dashed lines correspond to the sample where the bottom
pentacene layer grows directly on the aluminum of the bottom electrode. The top
electrode is used as collector.
state does not change significantly. Therefore, it can be concluded that the change of the
morphology in the bottom pentacene layer does not harm the electric transport properties.
The largest difference can be seen in the collector current, which is increased by approximately
three orders of magnitude when using a gold seed layer. This also reflects in the differential
transmission, which increased from approximately 1 % to up to 80 %.
7.3.2 PERFORMANCE USING DIFFERENT SEED-LAYERS
The results using gold as a seed layer for performance optimization in the previous section
leads to the question whether the same or even better results could be obtained also with other
materials as a seed layer. Therefore, experiments using various metals and also a pure 1 nm
thick dopant layer (F6TCNNQ) at the bottom electrode are presented here. The results using
gold as a seed layer or not using a seed layer at all (i. e. depositing pentacene on aluminum
directly) from figure 7.12 can be used as a reference to evaluate the different materials.
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Silver as seed layer Another metal that is commonly used in organic electronics, is silver.
This is often used as an electrode material using a very thin layer to obtain transparent elec-
trodes in optoelectronic devices like Organic Solar Cells [144]. While the transparency does
not play a role in OPBTs here, the formation of a closed layer of a thin film is a desired property
for seed layers as it requires little amount of material to cover the whole surface. Figure 7.13
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Figure 7.13: (a) Base sweep and (b) differential transmission of an OPBT using silver instead
of gold as a seed layer, achieving similar results as with gold in figure 7.7. The top
electrode is used as collector, VCE = −3 V.
shows a base sweep and the corresponding differential transmission for an OPBT using a silver
seed layer. The characteristic looks very similar, the current densities are slightly higher and
an on-off-ratio of four to five orders of magnitude is reached. The differential transmission also
shows the shape known from the OPBTs using gold. Between a base potential of −2 V to −3 V
the differential transmission is even higher than 50 % and the collector current is higher than
the base current, i. e. there is a current gain slightly larger than unity. For base potentials lower
than the collector potential of −3 V, the transmission decreases as the collector-base voltage is
starting to create a field that forces positive charge carriers back to the base. At base potentials
higher than −1.5 V, the differential transmission is already decreasing. However, this is not a
systematic difference to OPBTs with gold as a seed layer but rather a batch-to-batch variation,
as will be revealed in figure 7.15a. Nevertheless, a seed layer of silver is a suitable alternative
for gold in most of the cases. As silver is also cheaper than gold, the use of a seed layer of
silver should be preferred for future OPBT fabrication.
Chromium as seed layer The n-type OPBTs using C60 as semiconductor material are using
chromium as an interface layer. In that case, the chromium is not used to improve the mor-
phology and transmission, but instead protect the aluminum bottom electrode from oxidation.
When applied to the pentacene OPBTs, the base sweep and differential transmission in figure
7.14 are found. This OPBT shows a very interesting behavior. In the exponential region, the
collector current is clearly below base and emitter current by one to two orders of magnitude.
However, when the base potential is reduced and the transistor transitions into the on-state,
the collector current is rising faster compared to emitter or base current. At a base potential
of about −2.8 V, the collector current even exceeds the base current and is rising further even
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Figure 7.14: (a) Base sweep and (b) differential transmission of an OPBT with chromium as
a seed layer. At base potentials between −2 V and −1 V, the collector current is
really low. At more negative potentials, the collector current is higher than the
base current and the transmission does not drop even for base potentials below
the collector potential. The top electrode is used as collector, VCE = −3 V.
when the base potential is already below the collector potential of −3 V. This behavior is very
different to the transistors using gold or silver as a seed layer, where the highest transmission
was found when there was still a large collector-base voltage that pulls charge carriers towards
the collector. Now, it is surprisingly the other way round, which is also confirmed by the dif-
ferential transmission. The highest transmission and current gain is reached, when the base
potential approaches the collector potential or is even lower. At this point, the electric field
between collector and base points towards the base, i. e. the positive charge carriers experi-
ence a force towards the base and a lower percentage of charge carriers would be expected
to reach the collector. Another effect must be responsible for that behavior, which obviously
improves the transmission at high current densities. Conceivably, the higher charge carrier den-
sity at those high current densities leads to an increased transport level in the semiconductor,
allowing for easier hopping transport on certain molecules that were inaccessible at lower cur-
rents. That way the lateral transport could improve or inactive openings might become active,
allowing for a higher transmission.
Despite the good current gain and transmission in the on-state, the low transmission in the
exponential region is a real disadvantage. Small signal applications that need to operate in the
exponential region will not be able to profit from the high transmission in the on-state. Only
those applications which switch between on and off state would fit to this OPBT behavior.
However, for those applications the on-off-ratio of about three orders of magnitude might not
be sufficient.
Summary of different seed layers The behavior of the differential transmission in depen-
dence of the base potential for various metals as a seed layer is shown in figure 7.15a. Also
the effect of a pure 1 nm dopant layer of F6TCNNQ on top of the bottom electrode (before the
p-doped layer itself is evaporated) has been investigated (marked with “+p” in the legend). As
already discussed, the pure aluminum electrode without an additional seed layer performs very
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Figure 7.15: (a) Differential transmission of OPBTs using different metals on the bottom elec-
trode as a seed layer and using a 1 nm layer of pure dopant F6TCNNQ (Cu+p,
Au+p). (b) Maximum differential transmission and diode forward current den-
sity for different gold layer thickness. A thickness of 0 nm corresponds to the
aluminum substrate material of the bottom electrode. The operation voltage is
VCE = −3 V in all cases and the top electrode is used as the collector.
poorly. With gold and silver, two of the best materials have been found, both allowing for a high
differential transmission over a broad range of operation points without a clear winner (except
when considering the costs). Chromium as a seed layer can even exceed the transmission and
current gain of gold and silver at low base potentials close to the collector potential of −3 V,
but does not perform as well in the exponential region.
Using copper as a seed layer yields a mediocre result only. It is still better than aluminum
alone, but by far not good enough to give usable devices. Also the use of a thin dopant layer
does not result in a convincing performance. Independently of using gold, which is a good
seed layer, or copper below the pure F6TCNNQ layer, the differential transmission does not
increase above 20 %.
Seed layer thickness Another interesting point is the thickness requirement of the seed
layer. Perhaps a not completely covered layer is already sufficient to improve the OPBT. The
maximum differential transmission shown in figure 7.15b, however, reveals that a minimum
thickness of nominal 10 nm is required in order to get a transmission above that of OPBTs
with aluminum electrodes only. Despite the effect on the morphology which increases the
transmission as discussed above, there seems to be a second effect as well. When looking at
the forward current density of the bottom diode at −3 V (red circles in figure 7.15b), the gold
layer thickness also has an influence. Here, despite the use of a doped injection layer, the more
favorable work function of gold compared to aluminum allows for current densities, that are
about one order of magnitude higher for seed layer thicknesses above 15 nm. The pretty low
forward current density for the 5 nm gold layer can be considered a defective sample, as such
a non-monotonically behavior and an almost non-existing transmission do not make sense.
In summary, the introduction of a seed layer is a mighty tool to improve the opening forma-
tion and thus the transmission of the transistor. This allows to boost the performance of the
OPBT even further when suitable materials are found. For the beginning, one can use gold or
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silver as a seed layer. The thickness of the seed layer should be 15 nm to 20 nm, as shown for
gold, to hit the optimum between performance increase and material cost.
7.4 BUILT-IN FIELD
7.4.1 EFFECT ON PERFORMANCE
In the previous section, the formation and presence of openings in the base layer have been
discussed. While charge carriers have the possibility to be transmitted through the base, the
collector current is still significantly lower than the emitter current, especially in the on-state.
In that region, when the base potential is as low as the collector potential, the voltage and
therefore also the electric field between base and collector is getting rather low, i. e. the charge
carriers which have passed the base do not get gathered by the collector efficiently enough
and may flow into the base from the collector side. Thus, the electric field on the collector side
needs to be increased.
Intrinsic layer thickness variation A higher electric field could be achieved by increasing the
collector voltage. However, that is not desired as it is contrary to a low voltage and low power
dissipation operation. The same effect can be achieved by varying the thickness of the intrinsic
pentacene layer at the collector. Figure 7.16 shows the base sweeps of a device with a thick
and a thin intrinsic pentacene layer at the collector. To avoid direct metal to metal shortcuts
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Figure 7.16: Base sweep of OPBTs using the bottom electrode as collector. The intrinsic pen-
tacene layer thickness at the bottom (collector) is (a) 200 nm and (b) 50 nm. The
p-doped pentacene layer at the bottom electrode is adjusted so that the total
semiconductor thickness at the collector stays at 250 nm.
between base and collector due to the rough pentacene morphology when using thin layers,
the total thickness of the organic semiconductor layers at the collector is kept constant at
250 nm by varying the thickness of the p-doped layer accordingly. For this comparison, the
transistor is operating using the bottom electrode as collector (i. e. the direction with worse
transmission up to now) as this reveals the effect more clearly. A full comparison with various
thicknesses and both directions will follow.
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With the initial layer stack, i. e. a thick intrinsic pentacene layer at the collector, the collector
current is about one order of magnitude below the base current in the exponential region and
the on-state. Thus, the transmission is only about 10 %. The reduction of the intrinsic layer
thickness at the collector does not influence the on-state current of the emitter. However,
the collector current is significantly larger than before and reaches almost the base current
in the on-state, i. e. the transmission in the on-state approaches 50 %, which corresponds to
unity current gain. In the exponential region, at a base potential around −1 V, the collector
current follows the behavior of the emitter current very well. Although the subthreshold slope
is quite low, the device could be used for small signal applications close to the operation
point of VBE = −1 V due to the high current gain of two orders of magnitude in that regime.
A drawback of the thinner intrinsic layer thickness is an increased off-state current between
emitter and collector that also reduces the on-off ratio by more than one order of magnitude.
In conjunction with the current gain in the on-state, which is still below unity, this device would
not be suited for switching applications, yet.
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Figure 7.17: Maximum differential transmission in dependence of the intrinsic pentacene layer
thickness at the collector. When using the bottom electrode as collector, the
thickness variation is performed at the bottom, and when using the top electrode
as collector, the thickness variation is performed at the top part of the OPBT.
Figure 7.17 summarizes the differential transmission that is reached in several configura-
tions. For a symmetric layer stack, i. e. an intrinsic pentacene layer thickness at the collector
side of 200 nm, the bottom collector configuration performs very poor. There is not even a sin-
gle operation point where the transmission reaches 50 %. Nevertheless, the bottom collector
configuration can profit most from a thinner intrinsic collector layer thickness and reaches a
differential transmission of 98 % at 50 nm. In contrast, when using the top electrode as collec-
tor (and varying the top intrinsic layer thickness accordingly), the device already has a higher
differential transmission directly from the beginning. However, in this operation direction the
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device is not able to benefit from a reduced intrinsic layer thickness at the collector as much
as in the opposite direction. The differential transmission still stays below 80 %.
Effect on the output characteristics Figure 7.18 shows the output characteristics of the
OPBT that reached the differential transmission of 98 %, i. e. the intrinsic layer thickness at the
collector is 50 nm and the bottom electrode is used as the collector. Two significant differences
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Figure 7.18: Output characteristics for an OPBT with an intrinsic pentacene layer thickness of
50 nm at the collector (bottom). Transistor operation is present already at collector
potentials close to zero, in contrast to an OPBT with thick intrinsic collector layer
(cf. figure 7.9). Dashed lines correspond to base-emitter voltages in steps of
0.2 V.
can be seen compared to the output characteristics (cf. figure 7.9) of the device with the default
stack: Firstly, a thin intrinsic layer at the collector leads to a worse saturation. Especially for
base-emitter voltages close to zero, the collector potential has a large impact on the overall
current, as the thin intrinsic layer leads to high fields near the base on the collector side which
can also influence the electric potential in the nearby openings. This effectively makes the
transmitted current not only depend on the base potential and therefore the saturation suffers
from the higher electric fields at the collector side.
Secondly, the OPBT now works at much lower operation voltages. At VCE = −0.5 V the
transistor can switch the collector current by almost three orders of magnitude using base
potentials from 0 V to −2 V. Before (cf. figure 7.9), in that region, where the base potential
is much more negative than the collector potential, the collector-base diode was already op-
erating in forward direction leading to a negative collector current. This can still be seen in
the output characteristics (where only the absolute value of the current density is plotted) on
the far right, where the collector current first drops (zero crossing) an then rises again. In the
optimized structure with the thin intrinsic layer at the collector, the OPBT is in that particular
state, where both diodes operate in forward direction and no transistor behavior is present,
only for base potentials that are far below the collector potential. This is a big advantage as the
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device can be used at much lower operation voltages, which leads to a reduced power loss in
the transistor and more voltage is available for the device that is driven by the transistor.
7.4.2 EXPLANATION FOR THE TRANSMISSION IMPROVEMENT
As shown in the p-type OPBT layer stack in figure 7.1, there is a p-doped layer at the top and the
bottom electrode. While doping for enhancing the injection is required only at one interface,
the other doped layer has been motivated until now by symmetry reasons and the ability to
operate the device bidirectionally. Another effect of the doped layer is the introduction of a
built-in voltage in the collector-base diode as shown in figure 7.19. Under the assumption that
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Figure 7.19: Schematic energy diagram of the collector part of an p-type OPBT with a (a) thick
and (b) thin intrinsic layer thickness. A voltage drop across the p-doped semicon-
ductor layer has been neglected. In (b) the electric field is stronger, gathering
charge carriers more easily. Intrinsic and p-doped layers are marked with “i” and
“p”, respectively.
the p-doped layer has a much higher conductivity due to its high charge carrier concentration
than the intrinsic layer, the built-in voltage (and also an external voltage) will drop mainly across
the intrinsic layer. A voltage drop across the p-doped layer has been neglected.
The resulting electric field leads to a drift current of positive charge carriers towards the
collector. In the steady state without externally applied voltages, that current will be com-
pensated by a diffusion current in the opposite direction due to the gradient in charge carrier
concentration. Under operation, however, charge carriers will pass the base and the charge
carrier concentration behind the base increases. As shown in the simulation chapter (cf. fig-
ure 5.15b), the charge carrier concentration can even exceed the concentration in the doped
semiconductor. This effectively reduces the charge carrier concentration gradient and thus the
diffusion current. An effective current from the base region towards the collector is present.
By reducing the intrinsic layer thickness at the collector, the same voltage, which is the
sum of built-in voltage and externally applied voltage, drops across a thinner layer. Hence, the
electric field behind the base will be much higher. In a figurative picture, the stronger field will
actively pull the charge carriers away from the base and that way increase the amount of charge
carriers that reach the collector. Actually, an increase of the electric field by a certain factor will
not increase the collector current by the same factor, as the number of charge carriers that
arrive at the base per second depend on the amount of current that is injected at the emitter.
Thus, a larger electric field at a given current corresponds to a reduced charge carrier density,
according to the drift current equation (⃗jdrift = qnµE⃗). This reduced charge carrier concentration
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in front of the base insulator on the collector side therefore reduces the leakage rate and leads
to a lower base current in the base sweep.
As it can be seen in the base sweeps, the current gain in the on-state is still not as good
as desired. A reason might be that the accumulation in front of the oxide happens on both
sides and the high electric field at the collector cannot reduce the accumulation on the emitter
side sufficiently. It is also conceivable that the insulator on the bottom side of the base is not
as good as on the top side. During the air exposure the bottom side of the aluminum base
is covered with semiconductor already, although the air should be able to diffuse between
semiconductor and metal. This could also explain why the reduced intrinsic pentacene layer
thickness mainly improves the transmission when using the bottom electrode as collector.
Another positive secondary effect is the overall reduced intrinsic layer thickness. According
to the simulation, the maximum current for a given operation voltage will always be limited by
the intrinsic semiconductor layer thickness following SCLC. A thinner layer will therefore allow
higher currents, at least when the intrinsic semiconductor layers are already the limiting part at
a given operation point.
7.5 BASE INSULATION
7.5.1 IMPORTANCE OF BASE INSULATION
Up to now some nice optimizations have been found and discussed. Nevertheless, the perfor-
mance leaves a lot to be desired. In particular, the transmission and the current gain of the
pentacene OPBTs have not reached convincing values yet, and are beyond the n-type counter-
parts based on C60 [56]. In other words, the base leakage currents are still to high. Therefore,
one can think about the base insulator.
Impact on the diode characteristics At first, one should estimate the influence of the in-
sulator quality and prove its importance. Therefore, the diode characteristics of OPBTs with
and without air exposure are compared in figure 7.20. As the remaining processing steps are
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Figure 7.20: (a) Top diode and (b) bottom diode IV curves of OPBTs that have been exposed to
air after base layer processing for oxidation as usual (red) and samples processed
completely in vacuum and encapsulated under nitrogen atmosphere (black).
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carried out in a vacuum chamber with a pressure below 10−8 mbar, and samples are encap-
sulated under nitrogen atmosphere afterwards, it is safe to assume that there is indeed no
insulator around the base when the sample has not been brought to air after the base layer
deposition. The gold seed layer on the bottom electrode has been used in both cases to ensure
the presence of openings in the base layer. In the bottom diode as well as in the top diode
the oxidation has the same effect: The current density is reduced significantly, in the backward
direction almost three orders of magnitude. Here, the oxide acts as an resistance, and also an
higher injection barrier, so that the injection cannot profit from the SCHOTTKY-effect any longer.
Close to 0 V in the forward direction, there is a small range where also the leakage current
dominates, manifesting in a symmetric current to backward direction. This can be most clearly
seen in the bottom diode. In the exponential region, the oxidation results in a shift to higher
voltages that are required to drive the same current, which can be used to estimate the voltage
drop over the oxide of about 1 V. At the highest currents in forward direction, a difference is
still present. The higher resistance of the oxidized sample does not only result from the insu-
lator itself, but also from the slightly reduced thickness of the remaining conductive metal of
the already thin aluminum base. However, the factor between the current density of the unox-
idized and oxidized sample in forward direction (between −3 V and −2 V) is much smaller than
in the backward direction of the diodes. Obviously, the insulator does not prove to be good
enough to block the currents at high voltages. This would also explain why the transmission in
the OPBTs has always dropped when the base-emitter voltage exceeded a certain value.
OPBT without base insulation Figure 7.21 shows the base sweep of the OPBT that has
not been exposed to air (i. e. without a base insulation). The diode IV-curves from figure 7.20
have been included in the figure as well for comparison. The base-collector diode has been
shifted by the collector potential of −3 V, as explained in section 7.2.2. The emitter and collector
current are almost identical to the diode currents, which indicates that top and bottom diode
operate independently of each other and there is no transmission. A difference can be seen
for the collector current, e. g. at a base potential of −2 V, which is larger than what would be
expected for the separate base-collector diode. This cannot be explained purely by leakage
currents from emitter to collector. In such a case, also the the emitter current would have
to be larger than the diode current of the base-emitter diode close to base potentials of 0 V,
which is not the case. Therefore, there could be a very small transmission, which however is
still smaller than 10−3, as the collector current is three orders of magnitude below the emitter
current. Down to −0.6 V the base current equals the collector current, below the base current
follows the emitter current. I. e. the system behaves as a voltage divider. As the base-emitter
diode is operated in forward direction and the base-collector diode in backward direction, the
point where the base current is zero (because the amount of current that flows from emitter
into the base equals the current that is injected at the base and flows to the collector) is at
VBE = −0.6 V. When the base potential is changed, the current in one diode rises (where the
absolute voltage drop increases), and in the other diode falls.
Those high base currents now also lead to a lower collector current for a given current that
is injected at the emitter, which also lowers the transmission of the transistor. In the extreme
case, the base current is so high, that no transmission at all occurs, or at least no transmission
can be observed like in the base sweep above. Consequently, the base insulation has to be
improved in order to obtain a reasonable current gain, which is one of the main tasks of a
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Figure 7.21: Base sweep of an OPBT that has not been exposed to air after base layer depo-
sition and therefore lacks a base insulation. Two-terminal diode measurements
(third contact disconnected) of the same sample are plotted in the graph as
well. The base potential could not be reduced below −2.5 V as this would have
exceeded the total current compliance. The collector is at the top electrode,
VCE = −3 V.
transistor. This can be achieved with different methods: A separate insulator can be inserted
around the base, or the native aluminum oxide can be improved. Both approaches shall be
discussed in the following sections.
7.5.2 ADDITIONAL INSULATING LAYERS AND POSITIONING
An insulating material that is commonly used in inorganic electronic components is silicon
dioxide SiO2. OPBTs have been fabricated with a thin layer of SiO2 above and below the base.
The bottom diode IV curve and a base sweep are shown in figure 7.22. The overall low diode
currents are very promising, as they prove that the base is insulated very well. However, it turns
out that SiO2 is too good for this purpose, as also the current between emitter and collector is
blocked almost completely. The SiO2 seems to have filled also the openings in the base layer
and therefore made a charge carrier transmission impossible. Additionally, SiO2 could not be
evaporated thermally and required an electron beam evaporator. Therefore, another material
needs to be found that fulfills the purpose of improving the base insulation without closing the
openings, and that can be integrated into the processing workflow easily.
Deposition of LiF The search for the way to improve the base insulation has led to lithium
fluoride LiF [145]. A first step should be to verify, that LiF can be evaporated thermally with
the current vacuum chamber setup and deposited onto a substrate without a thermal decom-
position happening. Although the difference in electronegativity of Li and F is very large and
thus the Li−F bonds are rather strong, the presence of certain metals near the LiF on a nano-
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Figure 7.22: (a) Diode IV curve and (b) base sweep of an OPBT using SiO2 beneath and above
the base layer to improve the base insulation.
scale can lead to the bond breaking, which is discussed to be used in rechargeable lithium ion
batteries [146].
Therefore, an aluminum layer, which shall represent the base electrode, is deposited onto
the glass substrate. Afterwards, LiF is evaporated until 1 nm of material is deposited onto
the sample. The sample is been analyzed using x-ray photoelectron spectroscopy (XPS). The
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Figure 7.23: XPS spectrum of 1 nm LiF on top of an aluminum layer. (a) Full binding energy
range with identification of spectral lines. (b) Close view on low binding energy
range where the Li 1s peak is located.
corresponding spectrum is shown in figure 7.23. The spectral lines have been identified using
an online database1. The presence of the large O 1s peak together with the Al 2p one indicates
the presence of aluminum oxide. This is not expected, as the sample was is exposed to air.
However, it is conceivable that the transport box that is used to bring the sample from the
evaporation vacuum chamber to the XPS vacuum chamber is not perfectly sealed, allowing
a minor oxygen leakage and thus an oxidation of the aluminum. Back to the actual point of
1https://srdata.nist.gov/xps/
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investigation, the XPS spectrum also contains the F 1s peak, showing that indeed LiF is present
on the sample. Due to the low weight of lithium, this material will only give a very small
response that can be difficult to spot. Therefore, figure 7.23b shows, where the Li 1s peak
would be expected, which is around a binding energy of 56 eV. As all other spectral lines also
have shown a shift of 1 eV to 2 eV with respect to the documented values, which could be
induced due to surface potentials, the Li 1s peak can be identified to be at 57 eV here.
OPBTs using LiF as base insulator Having found the deposition of LiF to be successful,
OPBTs can be built with an additional insulator layer below and/or above the base. All four
combinations have been fabricated with each LiF layer having a thickness of 1 nm each. Figure
7.24 shows the base sweeps together with the differential transmission for comparison. In
figure 7.24a to 7.24d, the transistor is operated using the bottom electrode as collector.
When comparing the reference base sweep (7.24a) with the sample that has LiF on both
sides of the base (7.24b), the on-state current density is slightly lower due to the additional
insulators but the OPBT does still work and has a similar characteristic. The absolute value of
the differential transmission, however, did not improve. Instead, the differential transmission
got slightly worse. Here, both LiF layers have two different effects. In order to investigate them
separately, a sample that has the LiF layer only below the base (7.24c) and another sample with
LiF only above the base (7.24d) can be compared.
It can be identified that an additional insulator at the emitter side of the base greatly increases
the transmission, while the insulator on the collector side has the opposite effect and clearly
reduces the transmission even further. Probably, the insulator covers at least some of the
openings. On the emitter side, this does not set a problem as charge carriers can flow in the
channel in front of the – now improved – base insulation until the next available opening is
reached. Such a behavior is known from the simulation that has revealed that the distance
between openings does not matter, as long as it is not orders of magnitude larger than the
semiconductor layer thickness (and a sufficiently good insulator can be assumed). If openings
are covered on the collector side of the base, all openings are still available for the charge
carriers, which arrive from the emitter. Charge carriers that reach such an opening, do not have
the possibility to pass the base and therefore have to contribute to the base current, reducing
the transmission.
Consequently, the additional insulator should be placed on the emitter side only. This also
comes in handy, as the simulation has shown that this side is more important. The charge
accumulation on the emitter side is stronger in a wider range of base potentials, while the
accumulation at the collector side becomes more relevant in region III only.
Figures 7.24e (reference) and 7.24f (LiF on emitter side) show the base sweeps and differ-
ential transmission for the operation in the other direction, i. e. using the top electrode as col-
lector. Here, the additional insulating layer cannot improve the differential transmission (which
was already higher than in the bottom collector configuration from the beginning, however).
Other materials Further materials were tested as well. Calcium is known to react with the
water in the air under ambient conditions to CaOH. Usually this reaction is used to detect
if an environment like nitrogen atmosphere is sealed well. But this can be also exploited by
evaporating metallic Ca above or beneath the base and let the air exposure step make it an
insulator. Figure 7.25 shows base sweeps and differential transmission for OPBTs that have
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(c) LiF below base, collector at bottom
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(d) LiF above base, collector at bottom
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Figure 7.24: Base sweeps and differential transmission of OPBTs at VCE = −3 V without LiF
(reference) and with LiF below and/or above the base. When using the bottom
electrode as collector, LiF has a larger impact on the transmission.
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Figure 7.25: Base sweep and differential transmission VCE = −3 V) using (a) top electrode and
(b) bottom electrode as collector. The OPBT has been processed with a layer of
Ca directly adjacent to the aluminum base (on the emitter side) and exposed to
air as usual.
been built this way. The position of the Ca layer has been chosen to be at the emitter side,
depending on the desired operation direction. The results are similar to the samples using LiF,
the differential transmission is even slightly higher. The on-state current is a bit lower, though.
Another tested material was silicon monoxide SiO. During evaporation, a reaction with resid-
ual oxygen in the vacuum chamber is possible as it is very reactive. Therefore, it is likely that
in the end a mixed silicon monoxide and silicon dioxide is deposited. Anyway, an insulating
behavior of this SiOx can be observed only for layers that are much thicker than the base itself.
Hence, it turns out to be not applicable to enhance the base insulation.
Finally, the additional base insulator is a tradeoff between the base insulation itself, which
increases the transmission, and keeping the openings as free as possible from the insulator,
as this would have the inverse effect and reduce the transmission otherwise.
7.5.3 ENHANCEMENT OF NATIVE ALUMINUM OXIDE
The issue of closed openings due to the additional insulator could be circumvented if instead
the native aluminum itself is enhanced. Either by improving the composition or by increasing
the layer thickness. It is known that the native aluminum oxide AlOx depends on several
conditions, like humidity, pressure, temperature and further treatments [109, 110, 113, 119,
120]. Until now, the base layer has been oxidized under ambient conditions always. However,
there are variations in the performance of OPBTs that are processed in different runs. While
the laboratory is air-conditioned and also the temperature stays constant, the relative humidity
varies. A higher humidity could occur on rainy days and then have an impact on the oxidation
process, e. g. aluminum could react to AlOH depending on the water concentration in the air
[113]. Therefore, a different composition of the native aluminum oxide (and hydroxide) layer
can occur and change the effective barrier. A system for a controlled oxidation under well
defined conditions would allow a comprehensive study of the native aluminum oxide layer
enhancement. However, this will not be covered in this work and is a starting point for further
device optimization. A different approach is the use of self assembled monolayers, like alkyl
phosphonic acids [54]. The functional group sticks to the aluminum oxide and the alkyl chain
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acts as an additional insulator. The chain length can be chosen to be the optimum between
insulation and opening coverage.
7.6 COMPLETE OPTIMIZATION
7.6.1 INDIRECT STRUCTURING IN OPBTS
Due to the high lateral conductivity in the doped layers, charge carriers can flow in a region
which is larger than the area that is covered by the electrode only. On one hand, this allows
charge carriers to flow in a region where no base electrode is present to control the current
flow. However, it is much more important for the transmission that the charge carriers can
also flow lateral in the charge accumulation channel in front of the base into an area, where no
collector electrode is available. Thus all these charge carriers will flow into the base, reducing
the transmission and thus current gain that can be achieved.
This limitation has been investigated already for n-type OPBTs based on C60 by Fischer et
al., as the performance of these devices was limited by that effect. The proposed solution is
the indirect structuring, i. e. an additional insulator is placed in the layer stack that only leaves a
window in the active area unaffected, making sure that all charge carriers that are transmitted
through the base have a chance of reaching the collector [56].
Top electrode (E)
Bottom electrode (C)
Al (Base)
Insulator
Figure 7.26: Structure of an OPBT employing indirect structuring using an additional insulator
above the base (emitter side) to confine the active area.
The modified structure of the OPBT with this insulator is shown in figure 7.26. The additional
insulator is placed directly on top of the base electrode. The technical realization of the insulator
deposition requires two layers actually, as a spot without insulator in the middle would not be
possible with a single shadow mask. Also the rotation of the sample in the vacuum chamber
during the insulator deposition is switched off. This ensures that the edges of the insulator
are as steep as possible, and highly homogeneous insulator layers are not required. As this
insulator does not need to be very thin, SiO can be used, which shows sufficient insulating
behavior only at layers thicker than 100 nm. However, such a thick layer is even beneficial, as
it reduces parasitic capacitances outside the active area. The advantage of SiO over SiO2 in
this case is simply the processing compatibility. It can be evaporated thermally like the other
materials used in the OPBT and does not require an electron beam evaporator.
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Figure 7.27: Base sweep with an insulator above the base to confine the active area (indirect
structuring). (a) The top electrode is used as collector. (b) The bottom electrode
is used as collector. Current density has been calculated using the area defined
by the indirect structuring. In the case of (a), the current flows in a much larger
area, that leads to an overestimation of the current density in this direction. The
operation voltage is VCE = −3 V
Furthermore the insulator allows to reduce the active area. Deviating from the other sec-
tions, the active area here is 200 µm times 200 µm. As a reference characteristic, figure 7.27
shows the base sweeps of an OPBT in both operation directions when using such an insulator.
Despite the gold seed layer, no further optimization strategy is employed. When choosing the
position of the insulator in the layer stack, care must be taken whether the insulator is placed
above or below the base. When on the wrong side, the additional insulator does not improve
the transmission, but instead charge carriers that arrive at the base are hindered from being
transmitted and reaching the collector outside the active area. This happens when the insulator
is above the base and the collector is at the top, as shown in figure 7.27a (i. e. the insulator
is behind the base, when looking into the direction of charge carrier movement). This reflects
in the drastically reduced transmission, the collector current is about one order of magnitude
below the emitter current, although using the top collector has shown better results without
such an insulator.
Operating the transistor in the other direction, however, leads to an improvement. Here,
the additional insulator has been placed above the base layer, thus improving the direction
when charge carriers flow from top to bottom. This has usually been the direction where
optimizations like built-in voltage or additional base insulation have shown a greater success.
As this direction also yields better results when combining all optimization techniques, it is
used for the results shown here.
7.6.2 COMBINATION OF DIFFERENT OPTIMIZATION TECHNIQUES
All of the optimization strategies identified and shown in this chapter could improve the trans-
mission of the OPBT. However, a very high transmission was reached only at certain operation
points, usually at very low currents and therefore with limited use for applications. In the on-
state, the differential transmission has usually dropped below 50 %, so that the current gain
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was below unity and the transistor did not amplify the base current. Now, all requirements are
met to combine all those optimization techniques and thus multiply their effects to obtain a
device that can profit from the work put into the optimization.
In detail, the seed layer on the bottom electrode is used to manipulate the morphology of
the pentacene and indirectly the opening formation in the base layer, the reduction of the
intrinsic layer thickness at the collector (here at the bottom) will fortify the electric field at the
collector and allow the charge carriers to be gathered more efficiently, a thin 1 nm layer of LiF
is deposited onto the base to support the native aluminum oxide and thus improving the base
insulation, and the thick SiO insulator with an open window (indirect structuring) is used to
confine the active area. Also the device is operated using the bottom electrode as collector, as
this gives an even higher performance boost when using all optimizations, which have already
been chosen to support this direction of operation.
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Figure 7.28: (a) Base sweep and (b) differential transmission of an OPBT using all of the dis-
cussed methods to improve the transmission of the transistor. This includes open-
ing formation, base insulation, and charge carrier gathering. The collector is the
bottom electrode, VCE = −3 V.
The base sweep of the fully optimized OPBT is shown in figure 7.28a. One can see imme-
diately that the collector current is higher than the base current all the time. In the on-state,
the current density exceeds 1000 mA/ cm2, and even in the on-state a current gain of about 10
is reached. This is confirmed by the differential transmission as shown in figure 7.28b, which
is above 90 %, except in the off-state where the differential transmission does not have any
meaning. The highest differential transmission is reached at a base potential of −1 V, as usual
when the base-collector voltage is still large (2 V here). The differential transmission of 98.9 %
corresponds to a differential current gain of almost 90. The one drawback of this sample is
the rather high off-state current, which is mainly a side effect of the thinner intrinsic pentacene
layer at the collector and the reduced active area while the electrode size remained large. Thus,
leakage currents outside the active area will be considered to be inside the active area when
the current density is calculated, making the current density artificially high. A reduction needs
smaller electrode areas, that are just a tiny bit larger than the active area that is defined by the
additional insulator window, but requires a more sophisticated alignment of the masks to each
other.
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Finally, the current gain of 10 over a larger range of operation points makes the pentacene
OPBTs usable for some switching as well as small signal applications. Should the factor of 10
not be sufficient, multiple OPBTs can be used cascaded, thus multiplying their current gains.
In the case of small signal applications, each of those transistors can then even be biased at
their optimum operation point and only coupled by capacitors.
7.7 POTENTIAL OF THE TECHNOLOGY
7.7.1 FUTURE IMPROVEMENTS
As shown in the previous section, several improvements could be combined to build a pen-
tacene based p-type OPBT that finally has a current gain around ten for a wide range of base
potentials. However, the best possible performance has not been reached, yet. There is still
room for improvement. Some ideas with a reasonable chance of success that are worth inves-
tigating in the future shall be mentioned here.
The base current density still reaches values of 100 mA/ cm2 or more. Considering that an
insulator is present in front of the base, such values are still too high. An improvement of the
insulator quality would probably have the biggest impact on the current gain of the transistor.
To defeat the base leakage currents, the insulator could be improved using technologies like
self assembled monolayers (SAMs) or electrochemical anodic oxidation [54, 147]. However,
such processes usually include some kind of solution processing. As there is already the
bottom semiconductor layer on the sample when the base needs to be oxidized, solvents
need to be chosen carefully in order to prevent destruction of the bottom semiconductor layer.
Other approaches include the improvement of the native aluminum oxide itself, as discussed
in section 7.5.3.
When shifting the focus from transmission and current gain towards the absolute value of
the collector current density, in particular the on-state current density, the simulations have
revealed that the semiconductor transport capabilities are the final limit. For one thing, this
can be achieved by reducing the degradation of the semiconductor. The encapsulation under
nitrogen atmosphere, as done in all experiments presented here, is already a good start. The
bottom semiconductor layer, however, is always exposed to air, in particular to oxygen and
water vapor, during the necessary oxidation of the base. But at least all other environmental
conditions can be chosen favorable, e. g. the air exposure should happen in the dark, as the
concurrent presence of water, oxygen and light leads to a strong degradation of the pentacene
[104]. In the end, an optimum needs to be found in terms of oxygen concentration, humidity,
and exposure time to get a reasonable well base insulation on the one hand, and as little
degradation of the bottom semiconductor as possible on the other hand. Another option would
be the use of pentacene derivatives with a better air stability or completely new materials [148].
Increasing the mobility in the vertical direction is also an approach that could improve the
overall current. As discussed in section 4.1.1, pentacene usually grows in a structure where
lateral transport is preferred, thus a lot of potential of pentacene is lost. By forcing the pen-
tacene to grow with the carbon rings parallel to the substrate, the high mobility axis would be
vertical. This can be achieved by growing pentacene on graphene, at least for thin pentacene
layers [149]. Possibly, the process of the transfer of the fragile graphene layer onto the bottom
electrode can be saved when the graphene is grown directly on a layer of copper which is used
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as the bottom electrode [150]. However, the morphology has to be investigated as well to
make sure that there are still openings in the base layer and also a certain lateral conductivity
needs to be kept for the charge transport in the accumulation region in front of the oxide, to
allow charge carriers to flow towards the nearest opening.
The off-state current can also be addressed for further optimization. Until now, the off-state
current is mainly given by a constant leakage current between emitter and collector (for a
fixed operation voltage) and does not change with a varying base potential, not even a very
high base potential can suppress this current. Thus, the current seems to flow in a region
between emitter and collector without a base electrode in between. This happens despite the
thoroughly designed deposition masks which make sure that the base electrode is larger than
the overlap of emitter and collector. The issue arises from the size of the doped injection layer
which does not only enhance the injection but also increases the area due to its high lateral
conductivity, i. e. the active area is not only defined by the electrode overlap, but is instead
extended by the larger doped layer. A system for a better confinement of the doped layer
and accurate alignment of all used masks would immediately solve this issue and reduce the
off-state currents.
Both, the increase of the on-state current as well as the reduction of the off-state currents
would improve the on-off ratio of the OPBT. This would also make the OPBT much more
interesting for a wide range of switching applications which require to control a current over
several orders of magnitude.
7.7.2 ACHIEVABLE PERFORMANCE
During comprehensive studies with lots of systematic variations, sometimes a sample is fab-
ricated that shows an extraordinary behavior, or has an outstanding performance even if that
particular experiment did not aim for such a result. The base sweep of such a sample is shown
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Figure 7.29: Base sweeps of a sample with an exceptionally high transmission and current
gain, measured in both directions. Using the top electrode as collector, the cur-
rent gain exceeds 1000 at an operation voltage of VCE = −3 V.
in figure 7.29 for both operation directions. The layer stack did not employ an optimization tech-
nique despite the gold seed layer, as the others had not been investigated yet at that point. The
sample has a very high transmission of 99.9 % and a current gain above 1000 when using the
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top electrode as collector, reaching current densities close to 1000 mA/ cm2. From that experi-
ment one can conclude that the concept of the OPBT can be applied to p-type semiconductors
like pentacene successfully and the structure definitely has a huge potential.
The crucial question is, what is the difference that made this sample excel? Other samples
with an identical layer stack did not show a performance nearly as good as this one. Also an in-
vestigation of the explicitly documented processing parameters like evaporation temperatures
or vacuum chamber pressures did not reveal any suspicious conditions. Also the fact that the
thin base is embedded between layers of semiconductor and additional electrodes rules out
further analyzing. Electrical measurements, however, are possible without hindrance. Figure
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Figure 7.30: IV-curves of the bottom diode of an OPBT that has not been exposed to air during
processing (black), an OPBT that has been exposed to air for 15 minutes as usual
(red), and the OPBT that reached a current gain above 1000 (blue).
7.30 shows the IV-curve of the bottom diode of this sample (blue curve) together with the
IV-curves of another sample with air exposure (but not such a high transmission, red curve)
and a sample that has not been exposed to air (black curve). Both oxidized samples have a
lower current, of course, and the exponential region is shifted by about 1 V compared to the
unoxidized sample. Interestingly, the exponential regime to −1 V is quite similar between the
normal and the good oxidation. However, between −1 V and −3 V the sample with the high
transmission has a lower current, i. e. the insulator has a better resistance also at larger volt-
ages. The difference in resistance in that region is less than two orders of magnitude, but in
the corresponding base sweep (top electrode as collector) the current gain could be improved
from 1 to more than 1000. This shows that even a small improvement in the base insulator can
have a larger impact on the current gain, because in contrast to the diode IV-curve, the charge
carriers can be extracted via the collector contact. Hence, the larger base oxide resistance can
be considered the reason for the high transmission and current gain. However, the question
arises, why the base insulator resistance is higher in this case.
An unsatisfying step during the OPBT fabrication is the air exposure, as it lacks control of the
exact conditions. Although the air exposure is performed in an air-conditioned environment,
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only the temperature can be considered stable. Logging over a period of about two month
confirmed a stable temperature within the range of 21.5 ◦C to 22.5 ◦C, but the humidity was
fluctuating from 30 % to 56 %. It is conceivable that the humidity does play a role in terms
of the base insulation. Under ambient conditions the aluminum does not only react with the
oxygen to form aluminum oxide, but also a reaction with water resulting in aluminum hydrox-
ide happens. Thus, the humidity can influence the composition of the insulator and also its
thickness.
When the sample has been processed on July, 30th 2013, a large amount of precipitation in
the night before preceded, 26 mm were recorded in Dresden according to historical weather
data.2 Also the relative humidity reached a rather high value of 84 %.3 Nevertheless one
should keep in mind that this is no more than a hint and does not replace a comprehensive
study. However, the results show that a further optimization of the device makes sense and a
lot more can be expected.
7.8 DEMONSTRATION OF THE ORGANIC PERMEABLE BASE
TRANSISTOR
7.8.1 SIMPLE OLED DRIVER
The purpose of a transistor like the OPBT is to act as a switch, control other components, and
amplify small currents. In general, a transistor controls the current flow in a circuit. All measure-
ments presented in the previous sections have always characterized a single transistor. Here,
simple circuits are presented that demonstrate a working transistor that controls an orange
Organic Light Emitting Diode (OLED) [151]. The reasons for choosing an OLED are firstly the
ability to detect the operation with human senses only, standing out in its simplicity without
the need for measurement equipment (i. e. one can see the light), and secondly it also uses
organic semiconductor materials. As the circuits are just assembled with discrete components
connected via wires, also an inorganic LED would have worked, but an OLED nicely falls into
line with the work on an organic transistor.
OLED driver circuit Figure 7.31 shows the circuit diagram of a simple OLED driver. The
brightness of the OLED shall be controlled with the collector current of the OPBT. Hence, the
OLED is connected to the collector of the transistor.
The circuit is powered with a DC voltage of 5 V. For mobile demonstrators also a 4.5 V block
battery can be used. This voltage is sufficient for the OPBT and the OLED in series. The OLED
requires about 2.5 V to 3 V depending on the operation point, but the remaining voltage is
enough for the OPBT, which is well suited for low voltage operation. The base-emitter voltage
can be adjusted using a 10 kΩ potentiometer between 0 V and −5 V. As the pentacene based
p-type OPBTs are completely in the off-state for a base-emitter voltage of 0 V (in contrast to
C60 n-type OPBTs), a separate voltage supply which allows base potentials above the emitter
is not required.
2http://www.klotzsche-wetter.de/2013/2013-07.html
3http://www.wetteronline.de/wetterdaten/dresden?diagram=true&iid=10488&ireq=true&metparaid=
RHLD&month=08&period=4&year=2013
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Figure 7.31: Circuit of a simple OLED driver. An OLED is connected to the collector of the
p-type OPBT, the base potential is set via a 10 kΩ potentiometer. A 5 V supply
powers the whole circuit.
By adjusting the potentiometer, the brightness of the OLED can now be controlled. As
already mentioned, when the potentiometer is in the position where the base potential corre-
sponds to the positive pole of the battery, the OPBT is in the off-state. Therefore, the OLED
remains dark. When moving the potentiometer and thus applying more negative potentials to
the base, the OPBT will reach the exponential region first and then the on-state. Consequently,
the OLED will get brighter. This behavior, that a lower base potential corresponds to a brighter
OLED, proves the transistor operation. If the OLED would be driven by a leakage current be-
tween base and collector, the behavior would be exactly the opposite in this circuit. When the
potentiometer is approximately in the middle, the base potential will equal the collector poten-
tial and the collector current reaches the on-state. Reducing the base potential even further
does not increase the collector current, only base leakage currents will rise and the OPBT may
get damaged.
OLED luminance and comparison As this circuit is still rather simple, also a quantitative
investigation can be performed. Figure 7.32 shows the luminance of the OLED in dependence
of the applied base-emitter voltage. As already discussed, the OLED gets brighter when the
base-emitter voltage gets more negative. The luminance can be controlled by almost four
orders of magnitude, which is a result of the on-off ratio of the controlling OPBT. A peak value
of about 7000 cd/ m2 is reached for a base-emitter voltage of −3 V. This is higher than required
for display applications. As a comparison, computer monitors should have a luminance around
300 cd/ m2 and a contrast around 1000 : 1. For TV displays that are used in illuminated rooms,
500 cd/ m2 are recommended [152].
Higher brightnesses are required for smartphones. The Apple iPhone 7 has a display reaching
705 cd/ m2 and a contrast of 1800 : 1, approximately4. Such a luminance allows the screen to
be still used in direct sunlight, which is important when using the smartphone outdoor. Even
higher values are reached e. g. by the Samsung Galaxy S7: Up to 855 cd/ m2 in luminance5
and a contrast of five orders of magnitude, as black pixels are basically switched off on the
4http://www.displaymate.com/iPhone7_ShootOut_1.htm
5http://www.displaymate.com/Galaxy_S7_ShootOut_1.htm
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Figure 7.32: Luminance of OLED over the base-emitter voltage for the OLED driver circuit
shown in figure 7.31. The total operation voltage for OPBT and OLED together is
5 V.
AMOLED display6. While the maximum brightness would not be an issue for the demonstrator
circuit presented here, such a high contrast would not be reached at the moment. In order to
reduce the luminance in the off-state, the active area of the OPBT can be reduced compared
to the OLED. Here, the active area of the OLED is 6.25 mm2 and the active area of the OPBT
is 4 mm2. By reducing the OPBT area by a factor of ten, the maximum luminance would be
still sufficient for display applications and the off-state luminance would be reduced to about
0.1 cd/ m2, which is still visible in a dark room, but not disturbing under normal circumstances.
It is very impressive though that a luminance which is sufficient for display applications could
be reached with an OPBT that needs just 6.4 % of the OLED area and shows the high potential
of the OPBT technology and the organic electronics in general.
7.8.2 AN ASTABLE OSCILLATOR USING P-TYPE OPBTS
A more complex circuit that already uses two transistors and shows a dynamic behavior is the
astable oscillator. In this circuit, the two transistors operate against each other, resulting in
the transistors switching on and off. In combination with an Organic Light Emitting Diode, the
circuit behavior manifests in a flashing light and is therefore nice to look at.
Operation principle Figure 7.33 shows the schematic circuit diagram. The core components
that an astable oscillator with PNP transistors would use are drawn in black. The resistors
drawn in green are necessary as OPBTs are not controlled by a base current but by a base
potential instead. Thus, the resistors RxB and RxD create a bias for transistor Tx and limit the
charging of the capacitors. This part of the circuit (without the OLED) shall be discussed first.
Basically, there are two inverters, the first consisting of T1 and R1C, the second consisting of T2
6http://www.samsung.com/global/galaxy/what-is/super-amoled/
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Figure 7.33: Circuit diagram of an astable oscillator. The black components show the circuit
used for an astable oscillator with PNP transistors. The green resistors are added
to set a bias voltage at the base of both transistors, as the OPBT is voltage con-
trolled in contrast to bipolar junction transistors. The OLED (red, and an additional
resistor) give an indication of the operation voltage of T1 and therefore its state.
Both capacitors have a capacitance of 100 µF and all resistors have 10 kΩ.
and R2C. Both are coupled via two capacitors, resulting in a positive feedback loop. When one
of the transistors, let it be T1, switches on (or at least becomes a little bit more conductive),
the collector potential of T1 (i. e. the output of inverter 1) is pulled up close to the emitter
potential. As the voltage across the capacitor C1 cannot change suddenly (the charges can
only flow to/from the capacitor at a rate that is limited by resistors) also the base potential of
T2 is brought close to the emitter potential, i. e. T2 is forced more into the off-state. Thus, the
output of inverter 2 is pulled down to a more negative potential. Due to the coupling with C2
also the base potential of T1 is pulled down, bringing T1 even more into the on-state. This
positive feedback will bring one transistor fully into the on-state and the other fully into the
off-state, even if just a little bit noise or fabrication deviations are present when powering on.
In this state, where T1 is on and T2 is off, the capacitor C1 will be slowly charged via the
resistor R2B. At the same time, the capacitor C2 will be discharged, or even charged in the
opposite direction via R2C and R1D. In case of PNP transistors, R1D is not necessary as for this
process the base-emitter diode is operated in forward direction and thus replaces R1D – in case
of OPBTs the base insulation prevents this. At some point during the charging of C1, the base
potential of T2 will get lower than the threshold voltage and T2 is switching on. The output
potential of inverter 2 will rise, and due to the coupling via C2 also the base potential of T1 will
rise, i. e. T1 switches off. Now C2 will be charged via R1B and the whole procedure starts from
the beginning for the other transistor.
Demonstrator using the OLED In principle, an OLED could be placed at the collector of one
of the transistors, e. g. in series to R1C. However, as the OLED needs a voltage of about 2.5 V
to 3 V, the remaining voltage for the transistor would be less. Even more critical, the amplitude
of the output of the corresponding inverter would decrease and the capacitor C1 would not be
able to charge/discharge sufficiently to switch off T2. Instead of an oscillation, a steady state
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would result unless the capacitors or resistors are readjusted. Hence, the OLED is placed in
parallel to T1, in addition with a resistance RL that shall limit the OLED current. Now the OLED
is not controlled by the collector current of T1 directly. Instead, when T1 is in the on-state, the
saturation voltage of the transistor, i. e. the emitter-collector voltage, is below 1 V according to
the output characteristics. Such a voltage is not sufficient for a light emission in the visible
range. Thus, the OLED is in the off-state. The other way round, when T1 is in the off state, the
current can flow over R1C and RL and the OLED is on.
When building the demonstrator, one can use two OPBTs on the same substrate. As all
OPBTs on one substrate share the top contact, those can be used in the bottom collector
configuration, i. e. all have the same emitter as required by the circuit. The circuit is then
assembled with discrete components and connected with wires. Admittedly, the demonstrator
Figure 7.34: Photo of the astable oscillator. Components have been labeled according to the
circuit in figure 7.33. A half cycle (the time the OLED stays on or off) last slightly
less than a second.
cannot be embedded into the paper based format of this thesis, but an impression can be
captured with an photograph. This is shown in figure 7.34 for the state when T1 is in the off-
state and therefore the OLED pixel is illuminated. The components in the picture have been
labeled according to the circuit in figure 7.33 in order to allow to identify the different elements.
For understanding how components are connected, however, the schematic circuit diagram is
easier to follow.
The time for the switching depends on the charging time of the transistor, which depends on
the time for charging the capacitor via the corresponding RB resistance. This can be estimated
via the RC time. With a capacitance of 100 µF and a resistance of 10 kΩ, the RC time is
1 s. This is in the order of the speed that could be observed in the experiment. A deeper
quantitative analysis is not in the scope of this work, instead the aim is to show that OPBTs
can be used like their inorganic counterparts.
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7.8.3 AN OLED DRIVER USING N-TYPE OPBTS CONTROLLED BY ORGANIC SOLAR
CELLS
Very similar to the circuit presented in section 7.8.1 is the one shown in figure 7.35. Here,
the p-type OPBT is replaced by a C60 n-type one. As seen in the other OLED driver circuit,
the active area of the OPBT can be much smaller than the OLED. In addition, C60 OPBTs
usually perform better in terms of current gain and on-state current density than their p-type
counterparts based on pentacene. Therefore, an OPBT with an active area of 200 µm times
200 µm is chosen while the same OLED with an active area of 6.25 mm2 is used. This time, the
V = 5 V OLED
OPBT
inorganic
diodeOSC
Figure 7.35: Diagram of a circuit where an OLED is driven by a C60 n-type OPBT that is con-
trolled by an Organic Solar Cell (OSC). The OSC is not used as power source but
only to convert light into a voltage signal. Inorganic diodes are used to shift the
emitter potential, allowing negative base-emitter voltages without another volt-
age source. Colors are chosen in accordance with the colors of the wires in the
experimental setup.
base potential is not controlled using a potentiometer, but using an Organic Solar Cell (OSC),
which is placed between the base and the negative pole of the power supply. Because of the
base insulation, only very small currents are expected to flow. I. e. the OSC is operated very
close to the open circuit point. Therefore, the OSC does not act as another power supply, but
instead converts the light intensity to a voltage signal, which is then used as the input for the
base potential.
There is one minor inconvenience of the n-type OPBTs compared to the pentacene OPBTs.
At a base-emitter voltage of 0 V, the transistor is not in the off-state completely. Instead, a
negative base-emitter voltage is necessary which requires a small adjustment to the circuit.
Usually, another voltage source would be used to create this offset between base and emitter.
Here, an inorganic diode is placed at the emitter of the OPBT. That way, the emitter is shifted to
a potential that is higher by the forward voltage of the diode. Due to the exponential IV curve
of the diode, the voltage drop can be considered sufficiently constant.
In all other concerns, the operation of the circuit is the same as the OLED driver discussed
previously (except for the different polarity). When the OSC is illuminated, it has a high voltage,
the OPBT is in the on-state and the OLED is on. When the solar cell is dark, the voltage is
lower and the OPBT switches the OLED off. Figure 7.36 shows a photo where the solar cell is
illuminated and therefore the OLED is switched on. The collector and OLED current is 0.2 mA,
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Figure 7.36: Photo of the OSC-controlled OLED driver when the solar cell is illuminated and
the OLED switched on. Inorganic diodes are used to shift the emitter potential.
the base current, which is also the OSC current is below 1 µA. In the picture, one can identify
that not only one, but three inorganic diodes are present. This is necessary to achieve the
desired voltage offset of the emitter. Usually, the forward voltage of a silicon diode is said to
be 0.6 V to 0.7 V. In this circuit, however, the currents a very small, so that the forward voltage
of the diodes is less, especially in the off-state. The used diodes are of the type 1N 4148, and
when extrapolating the forward current behavior given in the data sheet7, one obtains a value
of only 0.3 V for a current in the order of 1 µA. Also instead of a single solar cell, four have
been connected in series. This increases the sensitivity as the change of the voltage with light
intensity will be four times as large. That way, the solar cells do not need to be completely
covered to obtain the off-state and instead, covering the top side with a piece of paper or
plastic is sufficient. This makes this demonstrator, that shows how different organic devices
can work together, much more practical to use.
7http://www.vishay.com/docs/81857/1n4148.pdf
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8 CONCLUSION
“The methods and tools of science perennially breach barriers, granting me confidence that our
epic march of insight into the operations of nature will continue without end.” Neil deGrasse
Tyson, 2012.
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In this work, a detailed understanding of the charge transport in the Organic Permeable Base
Transistor is developed. The fabrication – using simple techniques known from OLED produc-
tion – is presented and ways to enhance the performance are revealed, leading the OPBT to
the top concepts for organic transistors. Several starting points for further research and opti-
mization are pointed out and examples are shown that demonstrate applications of the OPBT
in a circuit with discrete elements.
In detail, the simulations reveal three distinct operation regions: An exponential region where
the current is controlled by the opening potential, a transition region, and a saturation region
where only the transport in the bulk semiconductor limits the overall current flow. In the latter,
a charge carrier accumulation zone with a high conductivity is formed in front of the base insu-
lator allowing a lateral charge transport to the next opening and a transmission without notable
losses. It is interesting that charge carriers that have passed an opening in the base do not flow
to the collector in the shortest way unconditionally. Instead, especially at low collector-base
voltages, also behind the base a charge accumulation channel is formed, allowing the charge
carriers to spread into a larger area from where they can homogeneously flow to the collector
resulting in larger possible currents. Variations of the simulated device geometry, in particular
the size of the openings, clearly reveal that in the on-state, where the highest currents are
present, the openings do not even limit the device performance, neither their size, nor their
shape, nor their distance. Instead, the maximum current is given by the semiconductor layers.
Here, the Space Charge Limited Currents (SCLC) represent the highest possible current that
can flow through a semiconductor at a given voltage. The accumulation at the base (in the
on-state) acts as a virtual contact and therefore does not represent an obstacle for the current
transport, but allows even higher currents than a comparable layer stack without the base, i. e.
an nin-element with the same total semiconductor layer thickness would have.
The insights on the charge carrier accumulation in front of insulators show a universal effect
that effectively leads to the increase of the used area. In case of the OPBT, not only the area
of the openings is participating in the current flow, but instead the whole electrode overlap
area is used evenly. This does not only allow higher currents in total, but also local over-stress
is avoided, resulting in more stable and durable devices. Also in other structures, this effect
can be observed. When a patterned insulator is used in a layer stack with the intention to
confine the current flow to a certain area, the accumulation effect could make the result ex-
actly the opposite, i. e. increasing the area where the current flows. Charge carriers over a
wide area flow towards the insulator where they accumulate. In the end, a highly conductive
channel exists in front of the insulator that allows charge transport from regions that are far
away from the intended active area, requiring to consider this effect when estimating current
densities or mobilities. Depending on the charge carrier concentration in the channel and in
the bulk semiconductor, distances are possible that are 1000 times larger than the thickness
of the semiconductor layer in front of the insulator. For the estimation of the mobility of C60 in
vertical direction in the bulk, i. e. no field effect mobility, this effect is considered. Furthermore,
attention is paid to the electrode resistance as well as to self-heating due to the power dissipa-
tion at high currents. With that in mind, an electron mobility in nin-C60 devices of 0.06 cm
2/ (Vs)
is revealed using the MOTT-GURNEY-law.
Based on the acquired insights and understanding of the operation mechanism of the OPBT,
guidelines for optimizations of the transistors can be summarized. As long as there are open-
ings in the base layer which allow charge carriers to be transmitted, an exact control of the
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formation process of the openings is not necessary, in particular no high-resolution structuring
is required. Charge carriers will always be able to find their way to the next opening in the
highly conductive channel in front of the insulator. The focus should rather be on the organic
semiconductor layers. Those are limiting the maximum current density that can flow in the
OPBT. One approach is the replacement of the currently used semiconductor with materials
that have a higher charge carrier mobility, especially in vertical direction. The current density
then scales linearly with the mobility. Another possibility is the reduction of the thickness of
the intrinsic semiconductor layers. Following the MOTT-GURNEY-law, the most efficient opti-
mization is to further reduce the vertical dimension of the OPBT as the current scales inversely
with the third power of the layer thickness. At the same time, this also increases the power
dissipation in the device. The transistor can then still be used under active cooling or when
the duty cycle is low. In an active matrix display, for example, the switching transistor needs
to charge or discharge the capacitor quickly, i. e. with a high current in a short period of time,
but then will be switched off until the line is addressed again in the next display refresh cycle.
Alternatively, if a high current and power is not required for a certain application, the operation
voltage can be reduced. OPBTs do still work in the millivolt regime and thus are usable as low-
voltage as well as high-power transistors, making them very versatile in terms of applications.
Furthermore, the understanding of the transistor operation has been used to develop analytical
equations for the current in all three regions of operation. This can be used as a model of the
transistor and implemented in circuit simulations like SPICE1, or as a starting point for a more
comprehensive model which also includes the AC behavior by implementing capacitances.
The experimental OPBT characteristics in conjunction with the microscopy images show
that the morphology of the organic semiconductor plays an important role in the opening for-
mation process in the base layer. For pentacene OPBTs, the introduction of a seed-layer is
essential to obtain convincing results. The morphology of the pentacene affects the growth of
the aluminum base layer which then contains openings and can be seen more like a network
or connected wires than a closed film. Then, the maximum transmission rises above 50 %
which is exactly the point where the transistor starts to amplify currents. The tests of different
materials and interface layers show that silver or gold with a thickness of 20 nm yield optimal
results: At an operation voltage of 3 V, on-state current densities approaching 1000 mA/ cm2
are reached which is already two orders of magnitude higher than required for driving OLEDs
in a display. Furthermore, the effect of the seed-layer represents a valuable tool to modify
the base layer structure without the need for patterning procedures. This concept is known
in other structures, as well. Also devices like OFETs depend on the semiconductor morphol-
ogy, although in that case rather smooth surfaces are desirable to improve the lateral charge
transport [100, 143]. That way, all materials and treatments that have been disregarded in ex-
periments on the semiconductor morphology in OFETs because of low lateral mobilities could
be downright suited for the OPBT. This provides a lot of possibilities for further studies that
should also be extended to investigate high vertical mobility materials which will further im-
prove the OPBT significantly. Already a material with a decent vertical mobility of 0.5 cm2/ (Vs)
in an OPBT (intrinsic layers with a thickness of 50 nm each) would allow current densities of
1Simulation Program with Integrated Circuit Emphasis. One implementation is LTspice: http://www.linear.
com/designtools/software/
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400 A/ cm2 at an operation voltage of only 1.5 V and a transit frequency of 100 MHz could be
expected2.
Doping is used in the OPBT in order to obtain a good charge carrier injection at the emit-
ter, independently of the chosen material combination. This provides additional freedom of
choice in the selection of the seed-layer as the energy levels are less important and injection
resistances are low. The doped layer at the collector is useful as well and should not be dis-
regarded. Here, the bidirectional operation is just one argument. Furthermore, the introduced
built-in voltage is an important effect. It has two beneficial consequences: Firstly, charge car-
riers are gathered from the base more efficiently, increasing the transmission. Secondly, the
required collector-emitter voltage is reduced. Hence, the OPBT can be used in low-power ap-
plications. Even a use in circuits without a dedicated power supply or battery, like passive RFID
tags, is conceivable.
Besides the enhancement of the charge carrier collection behind the base, the prevention
of a base leakage current is equally important. Charge carriers that arrive from the emitter
should not flow into the base in high numbers as this would increase the base current which
is undesired in a transistor. This is particularly critical as there is a large amount of charge
carriers in front of the base insulator because of the accumulation, especially on the emitter
side but also on the collector side in the on-state. An improvement of the insulator, e. g. with a
1 nm thick LiF layer on the emitter side of the base results in a performance boost so that the
transmission reaches a current gain of 10 also in the on-state. It is shown that the additional
insulator must not be too thick as this probably closes openings in the base layer. Although
the distance or number of the openings does not matter, without openings at all, no transistor
behavior is present any longer. An improvement of the oxide itself without an additional insula-
tor would circumvent this issue. Worthwhile approaches are the use of electrochemical anodic
oxidation, tests with self-assembled monolayers with various alkyl chain lengths, or the control
of the environmental parameters (e. g. the water and oxygen partial pressures, the substrate or
environment temperature, or an oxygen plasma treatment) during the base layer oxidation pro-
cess. Furthermore, a thicker insulator will also reduce the capacitance created by the charge
accumulation. This reduces the RC time required for charging and discharging this capacitance
and therefore be beneficial for devices that are intended to operate at higher frequencies.
The consequent combination of all expedient optimization techniques leads to a convincing
pentacene OPBT performance. A maximum transmission of 98.9% is reached and in the on-
state the transmission is still above 90% (i. e. a current gain between 10 and 100). A current
density of 2000 mA/ cm2 is achieved at 3 V. In order to prove that the optimizations lead the
pentacene OPBTs to a level where it can be used in circuits, a series of demonstrators are
presented. Those fully functional circuits using OPBTs as an OLED driver or as an astable
oscillator prove the usability of this transistor technology.
Moreover, the achieved performance of the OPBT and the results of the optimizations
promise further progress. The synergy of the insights into the operation mechanism, the spe-
cific planning and interpretation of experiments, and a certain curiosity will ensure that OPBTs
break further records in the future and the journey to new improvements will continue without
end.
2Calculated in region II of the OPBT, assuming SCLC, a base-emitter voltage of 0.5 V (corrected by the built-in
voltage), a relative permittivity of the semiconductor of 4, and a base insulator capacitance of in total 2.5 µF/ cm2.
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